Cross-linking with microbial transglutaminase by Raak, Norbert
 1
 
Technische Universität Dresden
Faculty of Mechanical Science and Engineering
Institute of Natural Materials Technology
Chair of Food Engineering
Cross-linking with microbial transglutaminase:
Drivers of structure-function-interrelations in acid caseinate gels
Dissertation
Submitted for the award of the academic degree
Doktor-Ingenieur
(Dr.-Ing.)
Submitted by
Dipl.-Ing. Norbert Raak
born 07.03.1989
in Großröhrsdorf, Germany
Date of submission: 02.04.2019
Date of the defence: 07.08.2019
Referees: Prof. Harald Rohm Technische Universität Dresden
Prof. Milena Corredig Aarhus University
2  
 3
 
Cross-linking with microbial transglutaminase:
Drivers of structure-function-interrelations in acid caseinate gels
Raak N – Dresden: Technische Universität Dresden, Faculty of Mechanical Science and 
Engineering, Doctoral thesis, 2019, 150 pages, 51 figures, 6 tables
Microbial transglutaminase (mTGase) is an acyltransferase that predominantly catalyses 
the  formation  of  covalent  cross-links  between  protein-bound  glutamine  and  lysine 
residues, referred to as isopeptide bonds. This typically results in protein polymerisation.
The enzymatic polymerisation of caseins,  the major protein fraction in milk,  has been 
studied for decades because of its potential to modify physical properties of fermented 
dairy  products.  It  was  suggested  that  cross-linked caseins  form denser  gel  networks, 
resulting  in higher  gel  stiffness  and increased water holding capacity.  However,  other 
studies  indicated  that  there  is  an  optimal  cross-linking  degree  and  that  prolonged 
incubation with mTGase results in converse effects.
The aim of this research was to elucidate the mechanisms that cause these alterations of 
the  gelation properties.  Using  non-micellar  casein  preparations  at  27 g·kg-1 protein  as 
model  systems,  structure-function-interrelationships  were  studied  by  molecular 
characterisation in combination with rheological studies of acid-induced gels.
The results suggested that casein molecules self-associate in aqueous solutions and that 
cross-linking  occurs  predominantly  within  distinct  casein  particles.  These  cross-links 
contributed directly  to the stiffness  of  acid-induced gels as  indicated by an increased 
maximum storage modulus. However, in the presence of ions, introduced either prior to 
or after cross-linking, the highest value was shifted to shorter incubation times. This was 
attributed to an increased inflexibility of the casein particles with ongoing internal cross-
linking, which made them incapable of conformational changes to compensate for the 
screening of attractive electrostatic interactions through other non-covalent interactions.
The findings provide important information for the direct application of mTGase in milk as 
well  as  on  the  utilisation  of  cross-linked  caseinates  as  additives  in  food  processing. 
Further studies should be conducted at casein concentrations below self-association as 
well as above close packing of casein particles to include other cross-linking mechanisms. 
Moreover, potential applications in the non-food sector should be ascertained.
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Quervernetzung durch mikrobielle Transglutaminase:
Einflussfaktoren auf Struktur-Funktions-Beziehungen in säure-induzierten 
Caseinatgelen
Raak N – Dresden: Technische Universität Dresden, Fakultät Maschinenwesen, 
Dissertation, 2019, 150 Seiten, 51 Abbildungen, 6 Tabellen
Mikrobielle Transglutaminase (mTGase) ist eine Acyltransferase die vor allem die Bildung 
von kovalenten Verknüpfungen zwischen protein-gebundenen Glutamin- und Lysinresten 
katalysiert, welche als Isopeptidbindungen bezeichnet werden. Dies führt üblicher Weise 
zu einer Polymerisierung von Proteinen.
Die enzymatische Polymerisierung von Caseinen,  der Hauptfraktion der Milchproteine, 
wird seit vielen Jahren als Möglichkeit zur Modifizierung der physikalischen Eigenschaften 
von  Milchprodukten  untersucht.  Dabei  wurde  ermittelt,  dass  quervernetzte  Caseine 
dichtere  Gelnetzwerke  bilden,  was  zu  einer  erhöhten  Gelsteifigkeit  und  einem 
verbesserten  Wasserbindevermögen  führte.  Weitere  Untersuchungen  lassen  jedoch 
vermuten, dass es einen optimalen Quervernetzungsgrad gibt, und dass eine zu lange 
Inkubation mit mTGase die positiven Effekte umkehrt.
Ziel  dieser  Arbeit  war  die  Aufklärung  der  Mechanismen,  die  diese  Veränderung  des 
Gelbildungsverhaltens von Casein verursachen. Dafür wurden Modellsysteme aus nicht-
micellarem Casein mit einer Proteinkonzentration von 27 g·kg-1 verwendet und Struktur-
Funktions-Beziehungen anhand von molekularen Analysen und rheologischen Studien an 
säure-induzierten Gelen untersucht.
Die Ergebnisse legen Nahe, dass Caseinmoleküle in wässrigen Lösungen assozieren und 
dass  mTGase  hauptsächlich  innerhalb  einzelner  Caseinpartikel  wirkt.  Die  gebildeten 
Isopeptidbindungen trugen direkten zur Steifigkeit der Säuregele bei, wie sich anhand der 
erhöhten  maximalen  Speichermoduln  zeigte.  Wurde  dem  System  vor  oder  nach  der 
Inkubation  mit  mTGase  Ionen  zugeführt,  verschob  sich  der  höchste  Wert  jedoch  zu 
kürzeren Inkubationszeiten. Dies wurde auf eine reduzierte Flexibilität der Caseinpartikel 
mit  zunehmender  interner  Quervernetzung  zurückgeführt,  wodurch  Konformations­
änderungen erschwert wurden und die Abschirmung von elektrostatischen Anziehungs­
kräften  nicht  durch  andere  nicht-kovalente  Wechselwirkungen  kompensiert  werden 
konnten.
Die Erkenntnisse dieser Arbeit sind sowohl für die direkte Anwendung von mTGase in 
Milch als auch für die Verwendung von quervernetzten Caseinaten in der Lebensmittel­
verarbeitung von Bedeutung. Weitere Untersuchungen sollten bei Caseinkonzentrationen 
unterhalb  der  Selbst-Assoziation  sowie  oberhalb  der  dichten  Packung  durchgeführt 
werden,  um  weitere  Quervernetzungsmechanismen einzuschließen.  Außerdem  sollten 
auch mögliche Anwendungen außerhalb der Lebensmittelindustrie erschlossen werden.
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Foreword
This thesis continues on the investigations of enzymatically cross-linked caseins that have 
been conducted for several years at the Chair of Food Engineering, Technische Universität 
Dresden. The research was initiated around 2004 as a loose collaboration with the Chair 
of Food Chemistry, Technische Universität Dresden, and without receiving any funding. 
The  subject  was  purposefully  pushed forward by  Doris  Jaros,  who was  supported by 
mainly  undergraduate  students  and  some  PhD  candidates  and  awarded  with  the 
academic  degree  Doktor- Ingenieur  habilitatus for  her  habilitation  thesis  “Acid-induced 
casein gels affected by cross-linking with microbial transglutaminase” in 2016. The first 
studies were rather phenomenological  ones and dealt with the effect of  casein cross-
linking  by  microbial  transglutaminase  on  physical  properties  of  yoghurt  gels  and 
chemically acidified milks. However, using simplified substrates and additional analytical 
approaches,  the research became far more systematic  over the years and resulted in 
some unique and highly cited publications.
I joined this research in 2013 when I started with my diploma thesis “Aggregate size and 
polymerisation degree of enzymatically cross-linked caseins in acid-induced gels”. At this 
time, a collaboration with Albena Lederer from the Leibniz-Institut für Polymerforschung 
Dresden e.V. was initiated and lead to the first known analyses of cross-linked caseinate 
using asymmetric flow field flow fractionation, which were performed by Martin Geisler 
who had just begun with his internship and was not yet assigned to a topic for his student 
thesis.
Both studies provided promising results and encouraged further collaborations. After the 
completion of my study, I  was funded by the Research Pool of Technische Universität 
Dresden to contribute to a joint project proposal entitled “Acid gelation of enzymatically 
cross-linked  caseins:  From  molecular  level  to  network  formation”,  which  was  initially 
submitted to the Deutsche Forschungsgemeinschaft (DFG) in July 2014 and approved in 
July  2015  after  including  some  minor  revisions  (grant  numbers  RO3454/5-1  and 
LE1424/9-1). In the meantime, I was given the opportunity to participate in the European 
cooperation project “COSUS – Consumers in a sustainable food supply chain”, which was 
an interesting new experience but sometimes as well a demanding challenge for me.
During the last years, I strived for closing a chapter I did not even open. However, as usual 
in science, many questions remain unanswered and even more questions will be asked in 
the future. With my thesis, at least a personal chapter is going to end. It is needless to say 
that there are people who deserve my deepest gratitude, and I hope that the following 
words can express this appropriately.
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Alle sagten: Das geht nicht.
Dann kam einer, der wusste das nicht,
hat's probiert,
und es ging nicht.
— Nico Semsrott
10  Foreword
 Table of contents 11
 
Table of contents
List of abbreviations and symbols....................................................................................15
1 Introduction................................................................................................19
1.1 Cross-linking of food proteins...........................................................................19
1.1.1 Cross-linking enzymes........................................................................................19
1.1.2 Non-enzymatic cross-linking reactions.............................................................20
1.1.3 Selection of microbial transglutaminase for cross-linking experiments......21
1.2 Cross-linking of caseins by microbial transglutaminase.................................22
1.2.1 Analytical approaches for characterisation......................................................24
1.2.1.1 Quantification of N-ε-(γ-glutamyl)-lysine isopeptide bonds...........................24
1.2.1.2 Size separation of casein polymers – gel electrophoresis..............................25
1.2.1.3 Size separation of casein polymers – size exclusion chromatography.........28
1.2.1.4 Light scattering techniques................................................................................30
1.2.2 Role of solution parameters and casein conformation..................................32
1.2.2.1 Casein micelles....................................................................................................32
1.2.2.2 Non-micellar caseins and caseinate.................................................................33
1.2.3 Impact on gelation properties...........................................................................35
1.3 Rheology of dense casein suspensions............................................................38
1.3.1 Casein micelle suspensions...............................................................................39
1.3.2 Non-micellar caseins and caseinates................................................................39
1.3.2.1 Viscosity-concentration plots.............................................................................39
1.3.2.2 Flow properties....................................................................................................41
1.3.2.3 Viscoelastic properties........................................................................................42
1.3.2.4 Rheology of cross-linked caseins.......................................................................45
2 Objectives of the thesis.............................................................................47
3 Materials and methods..............................................................................49
3.1 List of chemicals..................................................................................................49
3.2 Enzyme activity assays........................................................................................51
3.2.1 Activity and stability of microbial transglutaminase.......................................51
3.2.2 Activity of indigenous plasmin...........................................................................51
12  Table of contents
3.3 Sample preparation............................................................................................52
3.3.1 Determination of crude protein contents........................................................52
3.3.2 Preparation of β-casein rich and β-casein poor acid casein powders..........52
3.3.3 Preparation of caseinate solutions...................................................................53
3.3.4 Incubation with microbial transglutaminase...................................................53
3.3.5 Incubation with indigenous and exogenous plasmin.....................................54
3.3.6 Sodium caseinate suspensions with different concentrations......................54
3.4 Analytical methods..............................................................................................55
3.4.1 Determination of N-ε-(γ-glutamyl)-lysine isopeptide content........................55
3.4.2 Analytical size exclusion chromatography.......................................................56
3.4.3 Size exclusion chromatography coupled to multi angle light scattering......57
3.4.4 Sodium dodecyl sulphate polyacrylamide gel electrophoresis.....................57
3.4.5 Dynamic light scattering.....................................................................................58
3.5 Characterisation of gel formation and gel properties....................................58
3.5.1 Modification of casein solutions for gelation experiments............................58
3.5.2 Monitoring of acidification.................................................................................59
3.5.3 Rheological measurements................................................................................60
3.5.4 Forced syneresis experiments...........................................................................60
3.6 Characterisation of sodium caseinate suspensions.......................................61
4 Results and discussion...............................................................................63
4.1 Gelation of cross-linked caseinate in different ionic milieus.........................63
4.1.1 Characterisation of casein cross-linking as a function of ionic milieu..........63
4.1.2 Rheological studies of acid-induced caseinate gels........................................67
4.1.3 Cross-linked sodium caseinate for enrichment of acid-induced milk gels...73
4.2 Concentration-triggered liquid-to-solid transition of sodium caseinate......74
4.2.1 Critical concentration of liquid-to-solid transition..........................................75
4.2.2 Liquid state characteristics................................................................................77
4.2.3 Solid state characteristics...................................................................................79
4.3 Effect of incubation temperature on maximum polymer size.......................83
4.3.1 Enzymatic cross-linking of sodium caseinate at different temperatures.....83
4.3.2 Investigation of sodium caseinate polymers by denaturing SEC-MALS.......89
4.4 The role of isopeptide bonds for caseinate gel properties............................93
4.4.1 Composition of casein mixtures with identical isopeptide contents............94
4.4.2 Gel stiffness of casein mixtures.........................................................................96
4.4.3 Large deformation properties of gels from casein mixtures.........................99
 Table of contents 13
 
4.4.4 Isopeptide bonds in excessively cross-linked caseinates.............................101
4.5 Gel structure weakening below the isoelectric point....................................102
4.5.1 Effect of casein cross-linking on gel structure weakening...........................103
4.5.2 Effect of uncross-linked β-casein on gel structure weakening....................106
4.5.3 Comparison of the sample sets......................................................................108
4.6 pH-dependent casein degradation by indigenous plasmin.........................108
4.6.1 Activity and stability of microbial transglutaminase as a function of pH...111
4.6.2 Cross-linking of casein degradation products...............................................112
4.6.3 Simultaneous action of microbial transglutaminase and plasmin..............114
5 Conclusions and outlook.........................................................................117
List of references..............................................................................................................121
List of figures....................................................................................................................137
List of tables......................................................................................................................145
List of publications...........................................................................................................147
14  Table of contents
 List of abbreviations and symbols 15
 
List of abbreviations and symbols
Abbreviation/Symbol Meaning Unit
aT Horizontal shift factors -
A(λ) Absorbance (at wave length λ) AU
AF4 Asymmetrical flow field flow fractionation
bT Vertical shift factors -
c(X) Concentration (of compenent X) g·kg-1 or mol·L-1
cc Critical concentration g·kg-1 or g·L-1
cLST Critical concentration of g·kg-1
liquid-to-solid transition
CE Enzyme concentration U·gprotein-1
CaCn Calcium caseinate
Cn-PB Acid casein in phosphate buffer
d Diameter mm
di Inner diameter mm
do Outer diameter mm
dA405·dt-1 Proteolytic activity AU·min-1
dn·dc-1 Refractive index increment mL·g-1
D Diffusion coefficient m2·s-1
DLS Dynamic light scattering
dRI Differential refractive index
DTT Dithiothreitol
EC Enzyme commission number
E Electric field V·m-1
F Kjeldahl conversion factor -
FFF Field flow fractionation
g(1) Autocorrelation function -
Gel High frequency elastic shear modulus Pa
G' Storage modulus Pa
G'0 Storage modulus within the Pa
linear viscoelastic region
G'final Final storage modulus Pa
G'OS Storage modulus at fracture Pa
G'max Maximum storage modulus Pa
G'' Loss modulus Pa
G* Complex modulus Pa
GDL Glucono-δ-lactone
Glu-Lys N-ε-(-glutamyl)-lysine
h Height mm
16  List of abbreviations and symbols
I Ionic strength mol·L-1
IC Isopeptide content mg·gprotein-1 or
(concentration of N-ε-(-glutamyl)-lysine) mol·molprotein-1
kB Boltzmann constant J·K-1
m(X) Mass (of component X) kg
M(X) Molar mass (of component X) g·mol-1
MALS Multi angle light scattering
mTGase Microbial transglutaminase
nth Theoretically formed amount of mmol·gprotein-1
reaction product
NaCn Sodium caseinate
PD Polymerisation degree %
pHEq Equilibrium pH
pI Isoelectic point
q Scattering vector m-1
r2 Mean square displacement m²
R2 Coefficient of determination -
Rh Hydrodynamic radius nm
RP-HPLC Reversed phase high performance
liquid chromatography
RSM Reconstituted skim milk
SDS-PAGE Sodium dodecyl sulphate
polyacrylamide gel electrophoresis
SEC Size exclusion chromatography
SLS Static light scattering
t Time s
tD Diffusion time s
tinc Incubation time h
T Temperature °C
Tinc Incubation temperature °C
TTS Time-temperature-superposition
tan δ Loss factor -
U Unit (enzyme activity) µmol·min-1
urea-PAGE Urea polyacrylamide gel electrophoresis
V(X) Volume (of component X) L
z Charge number -
 Shear strain -
max Peak shear strain -
 Shear rate s-1
c Characteristic shear rate s-1
δ Phase angle °
ε Extinction coefficient mL·mg-1
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η Dynamic viscosity Pa·s
η0 Zero-shear viscosity Pa·s
η∞ High-shear viscosity Pa·s
ηSolvent Solvent viscosity Pa·s
[η] Intrinsic viscosity -
θ Angle rad or °
λ Wave length nm
ν Voluminosity mL·g-1
τ Shear stress Pa
τc Characteristic shear stress Pa
Φ Volume fraction -
Φc Critical volume fraction -
ω Angular frequency rad·s-1
ωc Cross-over frequency rad·s-1
ωc-1 Terminal relaxation time s
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1 Introduction
1.1 Cross-linking of food proteins
Proteins determine, to a large extent, the sensory and technological properties of many 
foods.  Besides protein degradation (e.g.,  proteolysis  during cheese ripening),  it  is also 
their polymerisation that is of interest with respect to structure modification. Therefore, 
cross-linking of food proteins has been studied extensively in the past and is still a topic of 
scientific interest. While non-enzymatic cross-linking reactions occur rather undesired and 
uncontrolled during the storage and processing of food products, enzymatic cross-linking 
has a huge potential  to  modify  relevant techno-functional  properties of  food proteins 
because of their specificity and the mild reaction conditions that are required (Buchert et 
al., 2010).
1.1.1 Cross-linking enzymes
Transglutaminase (EC 2.3.2.13) is the most common enzyme used for protein cross-linking 
and  catalyses  preferably  acyl  transfer  reactions  between the  γ-carboxamide  group  of 
glutamine and primary amines such as ε-amino groups of lysine. Intermolecular reactions 
between protein-bound glutamine and lysine residues result in protein polymerisation 
because of the formation of covalent isopeptide bonds, referred to as N-ε-(γ-glutamyl)-
lysine  (Glu-Lys)  (Figure  1.1).  The  economically  feasible  production  of  a  calcium-
independent microbial transglutaminase (mTGase) from Streptomyces mobaraensis and its 
mild  reaction  optima  (pH 6 – 7;  40 – 50 °C)  led  to  an  increased  utilisation  in  the  food 
industry (Ando et al., 1989; Martins et al., 2014).
Besides transglutaminase, oxidoreductases such as laccase (EC 1.10.3.2), tyrosinase (EC 
1.14.18.1) and different peroxidases (EC 1.11.1.x) were applied, which have a completely 
different cross-linking mechanism: firstly, the enzymes oxidise specific functional groups 
that react further in non-enzymatic reactions. This leads to a variety of different covalent 
Gln–C–NH +2 H N– – +2 Lys LysGln–C–NH NH3
O O
Figure 1.1: Reaction scheme of protein polymerisation by transglutaminase.
Reproduced from Raak et al. (2018) Separations, 5, No 14.
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bonds (Buchert et al., 2010; Isaschar-Ovdat & Fishman, 2018). Nevertheless, the potential 
application of laccase in a post-processing step to enhance the physical  properties of 
stirred  yoghurt  was  recently  studied  because  of  the  enzymes  pH  optimum  at  ~ 4.5 
(Mokoonlall et al., 2016a).
1.1.2 Non-enzymatic cross-linking reactions
Causes  for  non-enzymatic  protein  cross-linking  are  numerous.  One  of  the  most 
prominent  examples  is  the  Maillard  reaction  (Maillard,  1912),  which  occurs  naturally 
during storage and/or heat treatment of foods. Starting with a condensation of carbonyl 
groups of reducing carbohydrates such as glucose or lactose with protein-bound amino 
groups, especially ε-amino groups of lysine, a complex reaction sequence takes place and 
results in a broad variety of reaction products and eventually in protein cross-linking. The 
chemistry of the reaction products and the mechanisms of their formation are still not 
fully explored. Nevertheless, the Maillard reaction, also referred to as glycation, and its 
possible application in food manufacturing were extensively reviewed in the recent years 
(e.g.,  Buchert  et  al.,  2010;  de Oliveira et  al.,  2016;  Liu et  al.,  2012;  Lund & Ray,  2017; 
O'Mahony et al., 2017).
Certain conditions during food processing can facilitate the formation of protein cross-
links even in the absence of carbohydrates. Alkaline treatment, especially in combination 
with heating, transforms particular amino acid residues into reactive intermediates, which 
form cross-links by reactions with other functional groups. Severe heat treatment may 
even  induce  the  formation  of  isopeptide  bonds  between  lysine  and  glutamine  (i.e., 
Glu-Lys) or lysine and asparagine (i.e.,  N-ε-(β-aspartyl)-lysine),  however, these reactions 
are  competed  by  the  Maillard  reaction  and  therefore  restricted  in  the  presence  of 
reducing  carbohydrates  (Buchert  et  al.,  2010;  Friedmann,  1999;  Gerrard,  2002;  Singh, 
1991).
Another  important  type  of  (mainly)  non-enzymatically  induced  protein  cross-links  are 
disulphide  bonds,  which  result  from  oxidative  coupling  of  cysteine  residues.  They 
contribute essentially  to the three-dimensional  structure of  protein molecules but  are 
also  formed from free  thiol  groups  as  well  as  in  disulphide  exchange  reactions  as  a 
consequence of heat treatment or mechanical stress (Buchert et al., 2010; Gerrard, 2002; 
Singh, 1991). In contrast to other cross-links, disulphide bonds can be easily cleaved in 
redox reactions with reducing agents such as dithiothreitol (DTT) or  β-mercaptoethanol. 
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The  extent  of  intermolecular  cross-linking  can  therefore  be  estimated  by  comparing 
reduced and unreduced samples using size separation techniques (Famelart et al., 2013; 
Koch et al., 2017; Lauber et al., 2000; Menéndez et al., 2004).
Instead of using carbohydrates to induce Maillard-type cross-linking reactions, chemical 
cross-linkers with more than one reactive group can be applied (Buchert et al.,  2010). 
Recently, genipin, methylglyoxal, glyoxal, glutaraldehyde and glyceraldehyde were shown 
to  cross-link  casein  by  reactions  with  amino  groups  from  lysine  or  arginine  residues 
(Casanova et al., 2017; Chou et al., 2014; Ghosh et al., 2009; Le et al., 2013; Schwarzenbolz 
& Henle, 2010; Wang et al., 2018), but applications in food production is often restricted 
because of the toxicity of some regents.
1.1.3 Selection of microbial transglutaminase for cross-linking experiments
Although the majority of the aforementioned cross-linking reactions are interesting and 
worth studying because of  their  relevance to food processing,  mTGase-induced cross-
linking seems to be most suitable to create well-defined structures for the investigation of  
structure-function-interrelations.  Compared  to  oxidoreductases,  mTGase  has  a  high 
substrate  specificity,  resulting  in  the  formation  of  predominantly  Glu-Lys  isopeptide 
bonds that are relatively easy to quantify. In contrast, cross-linking with oxidoreductases 
or via Maillard reaction leads to a broad variety of covalent bonds which are difficult to 
quantify  entirely.  For  instance,  Monogioudi  et  al.  (2011)  used  31P  nuclear  magnetic 
resonance spectroscopy after phosphorylation of hydroxyl groups to quantify cross-links 
formed in  β-casein after oxidation of tyrosine residues by tyrosinase. Furthermore, the 
application of laccase requires the addition of mediator substances to facilitate the cross-
linking  (Isaschar-Ovdat  &  Fishman,  2018)  and  was  also  reported  to  cause  protein 
degradation because of the formation of reactive radicals (Mokoonlall et al., 2016a, b, c). 
Most  non-covalent  cross-linking  reactions  require  extensive  heat  treatments,  and 
chemical cross-linkers are less relevant for the food industry because of their toxicity or 
simply due to the fact that they have to be declared as additives. In contrast, mTGase acts 
at mild conditions and is approved to be “generally recognised as safe” (Gharibzahedi & 
Chronakis, 2018). It is also the only commercially available cross-linking enzyme that is 
used in the food industry at the moment (Isaschar-Ovdat & Fishman, 2018).
22 1 Introduction
1.2 Cross-linking of caseins by microbial transglutaminase
Casein is a group of non-globular phosphoproteins originating from mammalian milk with 
four main types (αS1,  αS2,  β, κ) that differ in amino acid composition and thus in molar 
mass  M (g·mol-1),  hydrophobicity  and  charge  (Table  1.1).  Additionally,  αS1-,  αS2-  and 
β-casein are highly sensitive to calcium because of their numerous phosphorylated serine 
residues (Farrell  Jr.  et  al.,  2004;  O'Mahony & Fox,  2013).  In milk,  up to ~ 5,000 casein 
molecules  are  associated  to  supramolecular  aggregates,  traditionally  called  casein 
micelles,  which show an average diameter  of  ~ 200 nm.  They are stabilised by strong 
electrostatic interactions with colloidal calcium phosphate nanoclusters (~ 2 nm in radius), 
and weaker non-covalent interactions between the caseins (Dalgleish, 2011; de Kruif et al., 
2012; McMahon & Oommen, 2008). The colloidal stability of casein micelles in aqueous 
systems is ensured by steric repulsion of the so-called “hairy layer”, which corresponds to 
the glycosylated, hydrophilic C-termini of κ-casein located on the micelle surface (de Kruif, 
1998;  Horne,  2002,  2006).  A  schematic  illustration  of  the  casein  micelle  structure  as 
suggested by Dalgleish (2011) is shown in Figure 1.2. In spite of decades of research, the 
structure of casein micelles and the types of interactions between caseins are still a topic  
of controversial discussion (e.g., Carver et al., 2017; Holt et al., 2013; Thorn et al., 2015 vs. 
Horne, 2017; Horne & Lucey, 2017). Furthermore, the term “micelle” is a rather historical 
one and gives rise to debates about its appropriateness to describe the structure of these 
aggregates (e.g., McMahon & Oommen, 2008; McMahon et al., 2009; McMahon, 2010 vs. 
Horne, 2010).
The unique structural  features of casein micelles are of significant importance for the 
manufacture of fermented dairy products. For instance, addition of rennet, a proteolytic 
enzyme naturally occurring in the fourth stomach of calves, leads to a removal of the
Table 1.1: Characteristics of the main casein types in bovine milk (compiled from Huppertz, 
2013). Reproduced from Raak et al. (2018) Separations, 5, No. 14.
Casein 
type
Approx. percentage
of total casein (%)
Number of 
amino acids
Approx. molar 
mass (kg·mol-1)
Isoelectric 
point (-)
Grand average of 
hydropathicity (-)*
αS1
αS2
β
κ
40
10
35
15
199
207
209
169
23.6
25.2
24.0
19.1
4.42
4.95
4.65
5.60
–0.704
–0.918
–0.355
–0.557
*Ranges from –2 to +2. Higher values indicate higher hydrophobicity.
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“hairy layer” and thus in the loss of colloidal  stability of casein micelles.  The resulting 
aggregation and subsequent gel formation is an essential step in the production of most 
cheese  varieties  (de  Kruif,  1998;  Lucey,  2002).  Similarly,  acidification  of  milk  through 
partial fermentation of lactose to lactic acid by lactic acid bacteria causes a release of 
colloidal  calcium  phosphate  and  thus  partial  dissociation  of  casein  molecules,  which 
reassociate with the residual casein micelles to form acid gels around the isoelectric point 
(pI;  pH ~ 4.6)  (Lucey  &  Singh, 1997;  McMahon  et  al.,  2009).  Furthermore,  isoelectric 
precipitation  of  caseins  and  subsequent  neutralisation  with  alkali  yields  caseinates 
(O'Regan & Mulvihill, 2011), which can be used as techno-functional food additives and 
serve as model substrates for scientific experiments.
During the recent years, enzymatic cross-linking of casein and caseinates using especially 
mTGase has been extensively studied as a possibility to modify their techno-functional 
properties such as emulsification, foaming of gel formation. However, since the extent of  
cross-linking is difficult to control,  the resulting polymerisation has to be characterised 
analytically to allow for valid conclusions on structure-function-interrelations.
Figure 1.2: Schematic illustration of the casein micelle structure: incorporated calcium phosphate 
nanoclusters (grey circles) with their attached caseins (dark grey lines), the surface-located 
κ-casein (light grey lines) and hydrophobically bound mobile β-casein (black lines). Individual 
components are not to scale.
Reproduced from Dalgleish (2011) with permission from The Royal Society of Chemistry.
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1.2.1 Analytical approaches for characterisation
1.2.1.1 Quantification of N-ε-(γ-glutamyl)-lysine isopeptide bonds
The amount of Glu-Lys isopeptide bonds can be determined using analytical methods. 
Many proteases and peptidases are not able to cleave isopeptide bonds, thus Glu-Lys 
remains intact after extensive enzymatic hydrolysis and can be detected and quantified 
(Nemes et  al.,  2005).  The hydrolysis  is  usually  a multi-step process involving different 
enzymes  such  as  pepsin,  pronase,  prolidase,  carboxypeptidase  and  leucine  amino­
peptidase (Bönisch et al.,  2004; Henle et al.,  1991a; Jaros et al.,  2014a; Mautner et al., 
1999; Schäfer et al., 2005; Sharma et al., 2001). However, it is possible that the hydrolysis 
of the proteins is incomplete, resulting in an underestimation of the amount of Glu-Lys 
isopeptide bonds (Lauber et al., 2000; Mautner et al., 1999).
The  quantification  of  Glu-Lys  in  the  hydrolysates  is  done  using  chromatographic 
techniques.  In amino acid analysis,  cation exchange chromatography is applied,  which 
requires a ninhydrin derivatisation of the eluting amino acids and peptides for detection 
at λ = 570 and 440 nm (Henle et al., 1991b; Lauber et al., 2000; Mautner et al., 1999). On 
the other hand, using reverse-phase high performance liquid chromatography (RP-HPLC) 
requires  a  derivatisation  with  hydrophobic  molecules  prior  to  the  measurement  to 
increase the separation efficiency (Nemes et al.,  2005).  Typically,  o-phthaldialdehyde is 
used for detection by fluorescence (Beninati et al., 1988; Griffin et al., 1982; Kumazawa et 
al.,  1993;  Sakamoto  et  al.,  1995)  and  phenylisothiocyanate  for  UV-detection  (Miller  & 
Johnson,  1999;  Sato  et  al.,  1992;  Stachel  et  al.,  2010;  Tarcsa  &  Fesus,  1990).  Glu-Lys 
appears as an additional peak in the chromatograms and can be quantified from the peak 
area after calibration of the method using a commercial standard. RP-HPLC may require 
several separation steps to avoid interfering peaks (Kumazawa et al., 1993; Sakamoto et 
al.,  1995; Tarcsa & Fesus,  1990).  Alternatively,  mass spectrometry can be used for the 
identification of Glu-Lys based on retention time and molar mass, however, isotopically 
labelled Glu-Lys is required as internal standard for quantification (Hoffner et al., 2008; 
Schäfer et al., 2005).
The amount of isopeptide bonds can be roughly estimated by analysing the extent of 
lysine modification. Therefore, free amino groups such as unmodified lysine residues are 
derivatised and the reaction products are detected photometrically. Typical reagents for 
this approach are o-phthaldialdehyde (Clare et al., 2007; Dinnella et al., 2002; Flanagan & 
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FitzGerald,  2003)  or  2,4,6-trinitrobenzenesulphonic  acid (Hannß et  al.,  2018;  Snyder  & 
Sobocinski,  1975). It is important to note that such assays do not distinguish between 
different types of amino group modification. However,  in the case of mTGase-induced 
cross-linking,  Glu-Lys  is  the  most  abundant  lysine  modification and hence  the  assays 
provide a good picture of the amount of isopeptide bonds that were formed.
1.2.1.2 Size separation of casein polymers – gel electrophoresis
Electrophoresis means a directed movement of charged particles in an electric field. The 
driving force of the migration results from the product of the net charge and the field 
strength and is counteracted by friction forces, which depend on the resistance of the 
surrounding medium against the movement, but also on the size of the analytes. Thus, 
the separation in a particular matrix is related to charge and size, usually expressed as 
electrophoretic mobility of an analyte. The application of polymeric gel networks, referred 
to as gel electrophoresis (Figure 1.3), facilitates the fixation and the staining of the protein 
fractions  subsequent  to  the  separation,  e.g.,  using  Coomassie  brilliant  blue,  silver  or 
fluorescent dyes. Presuming that all proteins in the sample bind the dye equally, software-
aided densitometric evaluation enables semi-quantitative analysis (O'Mahony et al., 2002; 
Westermeier, 2011).
Gel electrophoresis is usually carried out using polyacrylamide gels, which result from a 
chemical copolymerisation of of acrylamide monomers with N,N'-methylenebisacrylamide 
as a cross-linker, initiated by free radicals formed from ammonium persulphate in the 
presence  of  tertiary  amines  (e.g.,  N,N,N',N'-tetramethylethylenediamine  aka TEMED).
Figure 1.3: Separation principle of gel electrophoresis: proteins with different sizes M and net charges 
migrate in an electric field E with different velocities v over time t (adapted from Westermeier, 2011).
Reproduced from Raak et al. (2018) Separations, 5, No 14.
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The  pore  size  of  the  gel  decreases  with  increasing  acrylamide  concentration  and 
influences the retardation of the analytes during the separation. Polyacrylamide gels are 
usually discontinuous: a stacking gel with large pore size is placed on top of the actual 
separating gel, facilitating the transition of analytes from solution into the gel matrix and 
subsequent introduction into the separating gel.  The gel  buffer is alkaline so that the 
proteins  exhibit  a  constant  negative  net  charge  and  migrate  towards  the  anode. 
Additionally,  it  may contain dissociating agents such as urea or SDS to suppress non-
covalent interactions as they are present in casein micelles, and disulphide bonds may be 
cleaved by adding reducing agents such as DTT or  β-mercaptoethanol. The upper and 
lower edges of the gel have to be in direct contact to the electrode buffer whose ionic 
compounds migrate in the electric  field to transport  electric current (O'Mahony et al.,  
2002; Westermeier, 2011).
Sodium  dodecyl  sulphate  polyacrylamide  gel  electrophoresis  (SDS-PAGE)  is  the  most 
common electrophoretic practice in protein analysis and most protocols applied today are 
based  on  the  method  initially  presented  by  Laemmli  (1970).  SDS  is  a  strong  anionic 
detergent that denatures proteins by cleaving hydrogen bonds and disintegrating their 
secondary and tertiary structure (Westermeier,  2011).  In addition, the hydrophobic tail 
interacts with hydrophobic protein regions to form local micelle-like structures, resulting 
in  a  necklace-like  protein-SDS complex (Chakraborty  & Basak,  2008).  SDS  is  added in 
surplus, masking the net charge of the proteins and resulting in a constant charge per 
mass unit since up to 1.4 mg can bind per mg of protein. Therefore, the electrophoretic 
mobility of protein-SDS complexes and thus their migration velocities in the electric field 
depend only on their size (O'Mahony et al., 2002; Westermeier, 2011). In contrast, in urea-
PAGE,  urea  is  used as  dissociating  agent  in  the gel  buffer  instead of  SDS.  Therefore, 
proteins  keep  their  original  net  charge,  which  additionally  contributes  to  their 
electrophoretic  mobility  and  thus  to  the  separation  process.  This  technique  may  be 
applied to separate proteins with similar molar mass but different charge, as it is the case 
for casein monomers and their proteolysis products (O'Mahony et al., 2002).
The  major  advantage  of  gel  electrophoresis  over  other  separation  techniques  is  that 
monomers  of  the  individual  casein  types  can  be  discriminated  despite  similar  molar 
masses  (~ 19 – 25 kg·mol-1).  This  is  especially  true  for  urea-PAGE,  which  also  exploits 
charge effects for separation (Flanagan et al., 2003; O'Mahony et al., 2002; O'Sullivan et 
al.,  2002),  but  also  in  the  case  of  SDS-PAGE,  where  whey  proteins  are  also  clearly 
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separated from caseins (Ercili Cura et al., 2010; Jaros et al., 2010; Mokoonlall et al., 2016b; 
O'Mahony et al., 2002). Therefore, the susceptibility of different casein types to mTGase 
can  be  easily  estimated.  Purified  casein  standards  should  be  used  for  correct  band 
identification rather than molar mass markers because the electrophoretic mobility of 
caseins  in  SDS-PAGE  is  lower  than  expected  from  their  molar  mass  (Creamer  & 
Richardson,  1984).  The  migration  velocities  follow  the  order  αS2-casein < αS2-casein < 
β-casein < κ-casein (Macierzanka et  al.,  2011);  however  αS2-casein  is  not  always clearly 
separated so that αS-caseins are often evaluated as one band. The fact that αS1-casein 
migrates slower than β-casein despite its lower molar mass (see Table 1.1) was ascribed 
to a larger hydrodynamic volume of αS1-casein-SDS complexes at alkaline pH (Creamer & 
Richardson,  1985).  When  compared  to  molar  mass  markers,  ~ 29 kg·mol-1 would  be 
obtained for monomeric β-casein (Liu & Damodaran, 1999), which is ~ 20 % higher than 
the actual value (~ 24 kg·mol-1). Liu & Damodaran (1999) also showed that dimers, trimers 
and tetramers of β-casein migrate like globular proteins with molar masses of ~ 72, ~ 110 
and ~ 150 kg·mol-1, respectively, manifesting that molar mass markers are not suitable for 
correct assessment of casein polymers. In contrast, molar mass evaluation worked well 
for cross-linked whey proteins (e.g., Ercili-Cura et al., 2012; Lauber et al., 2001; Truong et 
al.,  2004).  Different  polymeric  fractions  of  casein  homopolymers  might  be  visually 
distinguishable to some extent (e.g., Lauber et al., 2003; Liu & Damodaran, 1999). Cross-
linking  of  mixed systems such as  casein  micelles  or  caseinates,  however,  results  in  a 
number of  heteropolymers with a  broad range of  molar masses.  For instance,  casein 
trimers can vary from ~ 57 to ~ 75 kg·mol-1,  and tetramers from ~ 76 to ~ 100 kg·mol-1, 
depending  on  the  types  of  casein  cross-linked  (see  Table  1.1).  Hence,  the  overall 
resolution of electropherograms is rather poor because the variety of heteropolymers 
causes  a  pronounced smear.  Furthermore,  very  large  polymers  cannot  penetrate  the 
separating or stacking gel and remain as condensed stains at the top (e.g., Monogioudi et 
al., 2009; Ozer et al., 2007; Tang et al., 2005), which may even result in a loss of sample 
material  (Moon et  al.,  2009;  Smiddy et  al.,  2006).  The separation limit  can be slightly 
expanded by decreasing the pore size of  the gel  matrix (e.g.,  reduction of acrylamide 
concentration) or by using a gradient gel,  but a thorough analysis of high molar mass 
casein  polymers  by  SDS-PAGE  is  not  possible  since  even  the  low  acrylamide 
concentrations of typical stacking gels (40 mg·mL-1) can hardly be reduced without limiting 
practicability. Therefore, gel electrophoresis is an easy but rather qualitative method to 
evaluate casein cross-linking.
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1.2.1.3 Size separation of casein polymers – size exclusion chromatography
Size exclusion chromatography (SEC) is a column-based liquid chromatography technique 
that allows the separation of macromolecules according to their hydrodynamic size. SEC 
columns are packed with porous polymer beads, and concentration gradients between 
inside and outside of the beads force molecules to diffuse into the pores and out again 
during their transportation through the column in liquid buffers. Smaller molecules can 
access  a  higher  number  of  pores  and  are  therefore  retained  longer  in  the  column, 
whereas larger molecules can only penetrate larger pores and elute earlier (Figure 1.4). 
Molecules larger than the pores cannot be separated and will elute in the so called void 
volume. Eluted fractions are detected mainly by concentration sensitive detectors such as 
UV/Vis and a linear relationship persists between elution volume and the logarithm of the 
hydrodynamic size (Hagel, 2011; Striegel et al., 2009). Therefore, calibration of SEC with 
molar  mass  standards  is  possible  for  analytes  with  similar  structure  (e.g.,  globular 
proteins),  whereas  the  molar  mass of  macromolecules  with  deviating  structures  (e.g., 
linear,  branched)  might  be  over-  or  underestimated  because  of  a  deviating  elution 
behaviour.  If  suitable  calibration  substances  are  not  available,  absolute  molar  mass 
determination using online light scattering detectors can be helpful (Pasch & Trathnigg, 
2013).
In case of proteins, denaturing buffers are usually applied to unfold the protein structure, 
suppress non-covalent aggregation and avoid interactions with the column material. Such 
buffers frequently contain urea (e.g., Hiller & Lorenzen, 2008; Jaros et al., 2014a; Lauber et 
Figure 1.4: Separation principle of size exclusion chromatography (SEC) showing the packed 
column (left), and one selected bead (right) during injection (top), separation (middle) and 
elution (bottom) of a three-component mixture (adapted from Hagel, 2011).
Reproduced from Raak et al. (2018) Separations, 5, No 14.
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al., 2000; Monogioudi et al., 2009), SDS (e.g., Boeriu et al., 2004; Selinheimo et al., 2008) or 
guanidine hydrochloride (e.g., O'Regan & Mulvihill, 2009). Using non-denaturing buffers 
for studying sodium caseinate was reported to result in an additional high molar mass 
fraction composed of mainly non-covalently associated aggregates (Corzo-Martínez et al.,  
2010;  Tang et  al.,  2005).  To cleave disulphide bonds,  reducing agents  such as  DTT or 
β-mercaptoethanol are added to ensure separation only according to the cross-linking 
reaction that is studied. Otherwise, higher polymerisation will be determined because of 
additional cross-linking via disulphide bonds (Lauber et al., 2000; Menéndez et al., 2004).
The advantage of SEC over gel electrophoresis is the enhanced possibility for quantitative 
analysis  with  concentration  sensitive  detectors  such  as  UV/Vis  that  provide  a  direct 
electronic  signal  from  the  sample  components.  UV  detection  is  frequently  used,  but 
suffers  from  the  fact  that  different  casein  types  exhibit  slightly  different  extinction 
coefficients  (Bönisch et  al.,  2004),  which  might  additionally  change  after  cross-linking. 
Nevertheless,  the  possibility  of  calculating  peak  areas  from  chromatograms  allows  a 
rough estimation of the concentration of distinct polymeric fractions and, from this, the 
polymerisation degree (PD) was determined in several studies by relating peak areas of 
cross-linked caseins to the entire sample area (e.g., Bulca et al., 2016; Jaros et al., 2010,  
2014a, b; Lauber et al., 2000; Moeckel et al., 2016).
The use of globular proteins for molar mass calibration results in overestimation because 
caseins exhibit higher hydrodynamic sizes and thus elute earlier than globular proteins 
with the same molar mass (Siegl, 2003). Moeckel et al. (2016) used instead polymers of 
polystyrene sulphonate in the range 6.4 – 152 kg·mol-1 to assign the position of casein 
monomers, dimers, trimers and oligomers in the chromatograms.
In contrast to gel electrophoresis, different casein types elute together in a single peak 
and cannot be clearly discriminated (e.g., Hannß et al., 2018; Kizzie-Hayford et al., 2018;  
Menéndez et al., 2004). Furthermore, because of the heterogeneity of the caseins and the 
heteropolymers resulting from cross-linking, peaks of polymeric fractions in size exclusion 
chromatograms are broader than respective homopolymers and may also vary in their 
position depending on the cross-linking intensity (Raak, 2013). This shift, which is typically 
most  pronounced  for  dimers  formed  by  cross-linking  with  mTGase,  occurs  because 
polymers containing  casein types that  are less  susceptible  for  mTGase remain longer 
and/or are formed in later stages of the cross-linking.
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1.2.1.4 Light scattering techniques
Light scattering is applied for absolute size and/or molar mass determination of analytes 
in solution. In principle, two major techniques can be distinguished, namely static and 
dynamic light scattering (SLS and DLS). In SLS experiments,  the sample is subjected to 
monochromatic  laser  light,  which  is  scattered  by  the  analytes.  The  intensity  of  the 
scattered light is directly related to molar mass, concentration and the refractive index 
increment  dn·dc-1 (mL·mg-1)  of  the analyte,  as well  as to the scattering function,  which 
describes the distribution of the scattered light over different angles (Wyatt, 1993). The 
detection of light scattering at many angles, referred to as multi  angle light scattering 
(MALS), allows an accurate determination of  M and the radius of gyration (Rg) as well as 
assumptions  on  the  structural  conformation  of  the  analytes,  e.g.,  spherical  vs. non-
spherical1.
Size determination by DLS is based on the Stokes-Einstein equation, which describes the 
relationship between the diffusion coefficient  D (m2·s-1) and the hydrodynamic radius  Rh 
(10-9 nm), i.e., the radius of a sphere with identical diffusion coefficient, as follows:
D =
k B⋅T
6π⋅Rh⋅ηSolvent
(1.1)
where  kB ~ 1.38·10-23 J·K-1 is the Boltzmann constant,  T (K) the absolute temperature and 
ηSolvent (Pa·s)  the solvent viscosity (Alexander & Dalgleish,  2006).  D is dependent on the 
Brownian motion of the analytes in solution, because of which the intensity of scattered 
laser  light  fluctuates  over  the  measurement  time.  Brownian  motion  is  fast  for  small  
analytes  and  slow  for  larger  analytes;  therefore,  small  analytes  cause  fast  and  large 
analytes slow fluctuations.  These fluctuations are characterised by  the autocorrelation 
function g(1), which is for monodisperse samples:
g(1 )( t) = e
−q2⋅D⋅t
(1.2)
where q (m-1), the scattering vector, is dependent on the wave length of the laser and the 
scattering angle,  which are both constant  and known.  The autocorrelation function is 
directly obtained in DLS measurements (see Figure 1.5). Hence, D and Rh of the analytes 
can be determined from the data (Pecora, 2000).
SLS in batch-mode provides average values for M and Rg, while approximate distributions 
of Rh can be obtained by batch-DLS. However, light scattering is much more pronounced 
1 see also https://doi.org/10.3390/separations5010014
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with increasing size of the analyte, so that the estimated proportions of different fractions 
in polydisperse samples are  not  reliable.  To increase the accuracy  of  size  distribution 
analyses,  light  scattering  might  be  coupled  to  size  separation  techniques  for  on-line 
detection of  the different  eluting  fractions.  For  that,  concentration sensitive  detectors 
such  as  UV/Vis  or  differential  refractive  index  (dRI)  are  required  since  the  scattering 
intensity is also dependent on the concentration.
A prominent example is the combination of MALS and SEC, referred to as SEC-MALS (e.g.,  
Lucey  et  al.,  2000;  Monogioudi  et  al.,  2009).  Alternatively,  asymmetric  flow  field  flow 
fractionation (AF4)  coupled to MALS was applied by some researchers to characterise 
casein  micelles  (Glantz  et  al.,  2010;  Lazzaro  et  al.,  2017;  Nogueira  Silva  et  al.,  2013), 
associated  β-casein (Cragnell  et al.,  2017) and, very recently, enzymatically cross-linked 
Cn-PB (Abbate et al., 2019). In AF4, the separation of analytes is performed during their 
transport  through a channel  (see  Figure 1.6).  The laminar flow of  the carrier liquid is 
superimposed  by  a  cross-flow  through  an  ultrafiltration  membrane,  resulting  in  an 
Figure 1.6: Schematic illustration of separation channel (top) and separation principle (bottom) of 
asymmetric flow field flow fractionation. Average distance of particle population (*) from the 
ultrafiltration membrane is indicated for small (open symbols) and large analytes (closed symbols).
Reproduced from Wahlund & Nilsson (2012) with permission from Springer Nature.
Figure 1.5: Shape of a typical autocorrelation function g(1)(t) for scattered light as measured by 
dynamic light scattering.
Reproduced from Alexander & Dalgleish (2006) with permission from Springer Nature.
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accumulation of the analytes at the bottom of the channel. The concentration gradient 
along the channel leads to diffusion of the analytes to the centre. This is more effective 
for smaller molecules with higher diffusion coefficients,  which thereby reach layers of 
higher flow velocity and are transported more rapidly to the outlet. In case of a constant 
cross-flow,  D and hence  Rh can be  directly  determined from the  elution times of  the 
analytes (Nilsson, 2013; Wahlund & Nilsson, 2012). The advantage of AF4 is the broad 
separation range and the gentle separation process because of the lack of a stationary 
phase. On the other hand, the ultrafiltration membrane that is necessary to establish the 
cross-flow  can  result  in  sample  loss  and  adsorption  of  the  analytes  and  thus  in 
misrepresentation  of  the  size  distribution.  Therefore,  carrier  liquid  and  membrane 
material  have  to  be  well-chosen  depending  on  the  sample  (Giddings,  2000; 
Schachermeyer et al., 2012).
1.2.2 Role of solution parameters and casein conformation
1.2.2.1 Casein micelles
According to de Kruif & Holt (2003), αS1- and αS2-casein are located mainly in the interior of 
casein micelles, while β- and κ-casein are found near to and on the surface, respectively. 
This assumption is supported by several studies on cross-linking of casein micelles by 
mTGase in which β- and κ-casein were cross-linked more quickly than αS1- and αS2-casein 
because of their greater accessibility (Hinz et al., 2007; Hsieh & Pan, 2012; Huppertz & de 
Kruif, 2007; Jaros et al., 2010; Moon et al., 2009; Partschefeld, 2011; Smiddy et al., 2006).
Hinz et al. (2012) showed through systematic variation of the incubation conditions that  
the high affinity of mTGase for κ-casein results from its good accessibility: with decreasing 
temperature, increasing pH and decreasing amount of added CaCl2 the amount of cross-
linked κ-casein relative to the total  amount of cross-linked casein decreased. This was 
attributed  to  the  higher  affinity  of  mTGase  towards  β-casein,  which  was  increasingly 
released from the casein micelles at these conditions. Moon et al. (2009) also reported a 
reduced polymerisation of κ-casein with increasing pH between 5.5 and 9.5, and Duerasch 
et al. (2018) showed that micelle-bound αS2-casein was cross-linked in a greater extent 
after  raising  the  pH from 6.8  to  7.9,  suggesting  an  increased  accessibility  of  interior  
regions of casein micelles because of alkaline swelling.
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It  is commonly accepted that predominantly  casein molecules within the same casein 
micelle  are  cross-linked  by  mTGase,  at  least  at  the  concentrations  found  in  milk. 
Therefore, an increased stability of casein micelles against physical (e.g., pressure or heat 
treatment)  and  chemical  stresses  (e.g.,  alkaline  treatment,  ethylenediaminetetraacetic 
acid,  urea,  citrate,  ethanol)  through cross-linking  with  microbial  transglutaminase  was 
reported in several studies (Duerasch et al., 2018; Heber et al., 2012; Huppertz & de Kruif,  
2007; Huppertz et al., 2007; Huppertz, 2014; Lam et al., 2017, 2018; Mounsey et al., 2005; 
Nogueira et al., 2019; Partschefeld et al., 2007; Smiddy et al., 2006). Huppertz & de Kruif  
(2008)  reported  that  nanogel  particles  prepared  by  excessive  internal  cross-linking  of 
casein micelles by mTGase were less resistant against pH decreases and precipitated at 
higher  pH compared to uncross-linked micelles.  However,  the opposite was found by 
Nogueira et al. (2019).
1.2.2.2 Non-micellar caseins and caseinate
To eliminate whey proteins (~ 20 % of milk proteins) as well as the complex features of the 
native casein micelles,  it  is advantageous to use simplified substrates such as sodium 
caseinate (NaCn) for scientific experiments rather than milk. These can be prepared from 
skimmed  milk  by  precipitation  of  casein  at  the  pI,  where  the  micelle  structure  is 
disintegrated  and  colloidal  calcium  phosphate  is  removed  together  with  native  whey 
proteins,  lactose and milk salts.  Neutralisation of the precipitate with NaOH results in 
highly soluble NaCn, whereas acid casein is soluble only in buffer systems (O'Regan & 
Mulvihill, 2011).
It  is  known  that  NaCn  molecules  form  nanoparticles  with  sizes  depending  on  the 
environmental  parameters  of  the  aqueous  solution  (i.e.,  temperature,  pH,  ions). 
HadjSadok et al. (2008) performed SLS and DLS and reported that the ionic strength had 
the highest impact on the casein association: at 3 mmol·L-1 NaN3, caseins were present as 
individual  monomers,  whereas  an  addition  of  > 100 mmol·L-1 NaCl  resulted  in  the 
formation of aggregates with Rh ~ 11 nm. Furthermore, a rise in temperature from 10 to 
80 °C increased the number of monomers per particle by factor 2, but Rh only marginally. 
In contrast, other authors found no effect of the temperature (Ruis et al., 2007). In the 
past, particles in NaCn solutions were described as star-shaped (HadjSadok et al., 2008; 
Pitkowski et al., 2008), rod-like (Farrer & Lips, 1999) or elongated (Huppertz et al., 2017;  
Lucey et al., 2000). Recently, Huppertz et al. (2017) were able to reform supramolecular 
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aggregates similar to casein micelles by carefully adding milk salts (i.e., milk ultrafiltrate, 
CaCl2, MgCl2, NaH2PO4, trisodium citrate; pH 6.7) to NaCn and suggested a new model for 
casein micelles according to which they comprise the same primary casein particles that 
are  found  in  NaCn  solutions.  Molecular  modelling  of  casein  particles  resulted  in  a 
composition of  four  β-casein,  four  αS1-casein and one  αS2-casein or  κ-casein molecule 
(Farrell Jr. et al., 2013; Kumosinski et al., 1999). In an experimental approach using surface 
plasmon resonance  spectroscopy  it  was shown that,  in  principle,  all  casein  types  can 
interact  with each other (Marchesseau et al.,  2002).  Recently,  Smialowska et al.  (2017) 
observed two different types of casein particles, which were distinguished according to 
their calcium sensitivity, suggesting that the calcium insensitive κ-casein was either in the 
interior  or  on  the  surface  of  the  different  casein  particles.  However,  the  detailed 
composition of the casein particles and the specific function of the individual caseins is 
still not fully elucidated.
Surprisingly, the effect of cross-linking of caseinates by mTGase on size and conformation 
of  casein  particles  was  not  investigated  until  the  present  research  project.  Previous 
studies were limited to the determination of the PD, the isopeptide content (IC) and/or the 
relative velocity of cross-linking of the individual casein types. In this regard, cross-linking 
is  usually  in  the  order  αS2-casein > β-casein > αS1-casein > κ-casein  (Macierzanka  et  al., 
2011) and thus completely different to cross-linking of casein micelles.
Analogies might be drawn from studies on cross-linking of purified β- and κ-casein, which 
also associate to form soap-like micelles (O'Connell et al., 2002; Ossowski et al., 2012). In 
both β- and κ-casein solutions, mTGase predominantly cross-linked molecules within the 
same micelle (de Kruif  et al.,  2002; O'Connell  & de Kruif,  2003). Thus,  excessive cross-
linking  could  prevent  dissociation  when  urea  was  added  or  the  temperature  was 
decreased. Furthermore, β-casein cross-linked at low temperature (~ 0 °C), where it was 
reported to be in its monomer form, was not able to associate to micelles again upon 
temperature increase (O'Connell & de Kruif, 2003). This was interpreted by the formation 
of intramolecular isopeptide bonds that altered the molecular conformation of β-casein 
monomers, thus counteracting intermolecular interactions.
With regard to NaCn, Hiller & Lorenzen (2008) reported by denaturing SEC that the buffer 
composition  affected  the  size  of  casein  polymers  formed  by  lactoperoxidase  and 
lipoxygenase. This indicates that a change in the particle conformation related to the ionic 
milieu  results  in  a  different  polymer size.  Very  recently  and as  a  part  of  the  present 
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research, Abbate et al. (2019) proved for acid casein dissolved in 0.1 mol·L-1 phosphate 
buffer (Cn-PB) that preferably casein molecules located within the same casein particle 
are  cross-linked  by  mTGase  and  reported  that  this  increased  the  density  and  the 
sphericity of the particles.
1.2.3 Impact on gelation properties
The most frequent application of mTGase in dairy science and technology in the past was 
to  modify  physical  and  texture  properties  of  yoghurt.  Casein,  which  is  an  excellent 
substrate for mTGase, plays a major role in the formation of structured milk gels, and 
casein cross-linking prior to fermentation was reported to improve firmness and physical 
properties of yoghurt (Gharibzahedi & Chronakis, 2018; Jaros et al., 2006a; Loveday et al., 
2013), leading to acceptable products even from reduced fat milk (Ozer et al., 2007). An 
industrially  targeted  FEI/AiF  project  (Kulozik,  2009)  focused  on  the  development  of 
technological  approaches  for  mTGase  application  in  stirred  yoghurt  production  and 
related the effects of cross-linking on product characteristics to the PD of casein: at a PD 
of  10 – 15 %,  viscosity,  water holding capacity  and mouthfeel  were improved,  whereas 
structural  inhomogeneities  were  observed  at  higher  PD,  probably  caused  by  residual 
enzyme  activity  during  product  storage.  However,  it  is  difficult  to  elucidate  the 
mechanisms  that  result  in  the  respective  alterations  of  product  properties  by  such 
practical approaches.
Therefore, simplifications of the product towards model systems are useful to investigate 
the  drivers  of  structure-function-interrelations  of  enzymatically  cross-linked caseins  in 
acid  gels  in  more  detail.  For  that,  microbial  acidification  was  frequently  replaced  by 
chemical acidification with glucono-δ-lactone (GDL) to allow a faster and more repeatable 
pH decay without dependence on the bacterial  strain that is  used (e.g.,  Anema et al., 
2005; Ercili-Cura et al., 2013; Jaros et al., 2006b; Li et al., 2018; Nogueira Silva et al., 2018).  
Another advantage of GDL is that the acidification rate can be adjusted by varying the  
concentration of the acidulant. In this way, Jacob et al. (2011) demonstrated that cross-
linking with mTGase increases the gel stiffness of heat-treated skim milk gels formed at  
low acidification rates, whereas gel stiffness was lower compared to the reference when 
the acidification rate was increased. On the other hand, gels from cross-linked raw milk 
showed a higher stiffness at all  studied GDL concentrations when heat treatment was 
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avoided by enzyme inactivation with  N-ethylmaleimide, indicating that interactions with 
denatured whey proteins played also a role.
To  additionally  avoid  the  contribution  of  whey  proteins  and  the  complex  structural 
changes  of  casein  micelles  during  acidification,  some  researchers  used  non-micellar 
caseins instead of milk, for instance NaCn (e.g., Ercili Cura et al., 2010; Myllärinen et al.,  
2007; Partanen et al., 2008) or Cn-PB (e.g., Menéndez et al., 2004). Simultaneous addition 
of  mTGase  during  acidification  with  GDL  resulted  in  stiffer  and  more  dense  and 
homogeneous gels as shown in confocal laser scanning microscopy when compared to 
gels without mTGase that showed larger pores (Figure 1.7).  The authors declared the 
smaller pores responsible for the higher gel stiffness (Myllärinen et al., 2007; Partanen et  
al.,  2008).  However,  these investigations allow only limited conclusions concerning the 
effects of temperature and GDL concentrations on the gelation of cross-linked caseins 
since the dependence of the mTGase activity on temperature and pH was not taken into 
account. Therefore, cross-linking and acidification have to be separated to prepare well-
defined samples for systematic studies of their gelation behaviour.
This  approach  was  used  in  the  studies  of  Jaros  (2016),  which  also  represent  the 
background of the present research project.  Figure 1.8a shows typical  gelation curves 
obtained by small  amplitude oscillatory shear rheology of acidified Cn-PB treated with 
mTGase for defined periods of time (0 – 24 h) at identical incubation conditions prior to 
Figure 1.7: Confocal laser scanning microscopy images of acid-induced gels from sodium 
caseinate (27 g·kg-1) at different temperatures without or with simultaneously added microbial 
transglutaminase (mTGase).
Reproduced from Myllärinen et al. (2007) with permission from Elsevier.
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acidification with GDL. While the pH profile was not affected by casein cross-linking, the 
enzyme  treatment  resulted  in  an  increase  of  the  maximum  gel  stiffness,  i.e.,  the 
maximum of the G' curves. Interestingly, the highest G'max was found after incubation for 
3 h and more excessive cross-linking counteracted this effect (Jaros et al., 2010), which 
was  never  reported  before  in  such  clearness.  A  qualitatively  similar  trend  was  also 
observed for cross-linked raw milk that was treated with N-ethylmaleimide for inactivation 
of mTGase to avoid heat denaturation of whey proteins. After determining the PD of the 
samples by denaturing SEC, the authors concluded that gels from raw milk and Cn-PB 
exhibited the highest G'max at a content of residual monomers of ~ 20 – 30 and ~ 60 – 80 %, 
respectively (Figure 1.8b). In a follow-up study, different mixtures with identical PDs were 
prepared from differently  incubated Cn-PB (1 – 24 h)  and the uncross-linked reference 
(Jaros et al., 2014a, b). The respective mixtures did not exhibit the same G'max. On the other 
hand, when plotting  G'max against  the number of Glu-Lys isopeptide bonds induced by 
mTGase, mixtures from Cn-PB incubated for up to 3 h were almost identical and showed 
higher  G'max than the respective mixtures prepared from more excessively  cross-linked 
Cn-PB.
At the beginning of the research it was suggested that small polymers, formed during the 
early  stages  of  cross-linking,  enhance  the  network  formation  through  their  action  as 
gelation nuclei, whereas prolonged incubation results in large and bulky polymers which 
Figure 1.8: Small amplitude oscillatory shear rheology of casein gels prepared by acidification with 
40 mg·g-1 glucono-δ-lactone at 30 °C. (a) Development of G' (full lines) and pH (dotted line) during 
acidification of casein in 0.1 mol·L-1 phosphate buffer (Cn-PB; 27 g·kg-1) cross-linked with 3 U microbial 
transglutaminase (mTGase) per g protein at 40 °C (numbers refer to incubation times in hours). 
(b) Maximum stiffness G'max of acid gels from Cn-PB (open symbols) or raw skim milk (closed symbols) 
cross-linked with 3 U mTGase per g protein at 40 °C as a function of the polymerisation degree.
Reproduced from Jaros et al. (2010) with permission from Elsevier.
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act as steric hindrances and impede the formation of a proper gel network even at low 
concentrations (Jaros et al., 2010, 2014a, b; Rohm et al., 2014). This hypothesis was later 
extended  by  considering  the  self-association  of  caseins  in  aqueous  solutions:  it  was 
suggested that cross-linking occurs predominantly within distinct casein particles and that 
a moderate amount of covalent isopeptide bonds contributes to gel stiffness, whereas 
excessive  cross-linking  of  casein  particles  limits  the  ability  of  casein  molecules  to 
rearrange into  an optimal  gel  network (Raak,  2013;  Rohm & Lederer,  2015).  This  has 
become the working hypothesis for the present research project.
1.3 Rheology of dense casein suspensions
In addition to scattering techniques, colloidal properties of casein micelles and caseinates 
were investigated using steady and oscillatory shear rheometry; in particular by the group 
of Prof. Taco Nicolai at Université du Maine, Le Mans, France (Panouillé et al., 2005a, b; 
Pitkowski et al., 2008; Thomar et al., 2012, 2013, 2014), but also by others (e.g., Bouchoux 
et al., 2009; de Kruif et al., 2015a; Farrer & Lips, 1999; Loveday et al., 2010; Nöbel et al.,  
2012, 2016).
A typical approach for characterising suspensions is to measure the viscosity η (Pa·s) as a 
function  of  the  particle  concentration.  For  that,  the  suspended  particles  are  usually 
assumed to be non-interacting, monodisperse hard spheres. The most prominent model 
to predict  the suspension viscosity  at  low shear  rates,  i.e.,  the zero-shear viscosity  η0 
(Pa·s), is the Krieger-Dougherty equation (Krieger & Dougherty, 1959):
η0 = ηSolvent⋅(1 − ΦΦc )
−[η]⋅Φc
(1.3)
where  ηSolvent (Pa·s)  is  the solvent viscosity,  Φ (-)  is the volume fraction of  the particles 
(0 < Φ < 1), Φc (-) is the critical volume fraction resulting in close packing and divergence of 
the viscosity, and [η] (-), the intrinsic viscosity, indicates the viscosity increase induced by a 
single particle and is defined as follows:
[η] = lim
Φ → 0
η0 − ηSolvent
Φ⋅ηSolvent
(1.4)
In case of hydrated particles such as proteins, however, Φ is often unknown and depends 
on the so called voluminosity ν (mL·g-1), which is frequently a function of temperature, pH 
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and ionic strength.  The relationship between  Φ and the concentration  c (g·mL-1)  is  as 
follows:
Φ = ν⋅c (1.5)
1.3.1 Casein micelle suspensions
Nöbel et al. (2012; 2016) used  Equations  1.3 and  1.5 to determine the voluminosity of 
casein micelles in the temperature range 5 – 70 °C. Data fitting resulted in Φc = 0.68, which 
was slightly higher than Φc = 0.64 that is observed for monodisperse suspensions of ideal 
hard spheres. This discrepancy was attributed to the polydispersity of casein micelles that 
allows for a closer packing.
Alternatively to  Equation  1.3, some researches (e.g., Nair et al., 2013; Zhao & Corredig, 
2016) used the model derived by Mendoza & Santamaría-Holek (2009), which additionally 
reflects hydrodynamic interactions between particles at higher volume fractions:
η0 = ηSolvent⋅(1−
Φ
1 −
1−Φc
Φc
⋅Φ )
−
5
2
(1.6)
The voluminosity of casein micelles as determined by both models were in relatively good 
agreement. Nöbel et al.  (2012) reported  ν ~ 4.1 mL·g-1 at 20 °C using  Equation  1.3 and 
ν ~ 4.4 mL·g-1 at 25 °C was found by Zhao & Corredig (2016) using  Equation  1.6. On the 
other hand, a critical volume fraction of  Φc = 0.8 was reported by Nair et al. (2013) and 
Zhao & Corredig (2016). However, apparent viscosities at   = 300 s-1 were taken in these 
studies, while Nöbel et al. (2012; 2016) used the zero-shear viscosity for modelling. Casein 
micelle suspensions show shear thinning behaviour (Nöbel et al., 2012; 2016), and higher 
shear  rates  may break  the  close  packing  structures,  thus shifting  Φc to  higher  values 
(Larson, 1999).
1.3.2 Non-micellar caseins and caseinates
1.3.2.1 Viscosity-concentration plots
The divergence of the viscosity at a critical concentration points to hard sphere behaviour 
of casein micelles (Nair  et al.,  2013, Nöbel  et  al.,  2012,  2016;  Zhao & Corredig,  2016). 
However, this does not apply to suspensions of NaCn. In one of the first studies in this 
field,  Farrer & Lips (1999)  showed that the Krieger-Dougherty equation (Equation  1.3) 
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does not fit for NaCn suspensions (see Figure 1.9). They estimated a critical concentration 
for close packing of ~ 100 g·L-1 from osmotic pressure experiments, however, the viscosity 
did  not  diverge  at this  concentration,  but  increased  steeply  with  η  c12.  The  authors 
attributed this behaviour to a rheological  soft particle response resulting from crowding 
and interpenetration of casein particles above the close packing concentration. In fact, 
using  a  voluminosity  of  ν ~ 4.5 mL·g-1 that  was  determined  by  adhesive  hard  sphere 
modelling at low concentrations resulted in Φ > 1 for c > 223 g·L-1. This suggests changes 
in the voluminosity because of deformation of the casein particles at high concentrations.
These investigations were complemented over several years by different researchers of 
which  the  group  of  Prof.  Taco  Nicolai  conducted  the  perhaps  most  comprehensive 
research. Instead of the Krieger-Dougherty equation (Equation 1.3) they used a simplified 
model that was established by Quemada (1977):
η0 = ηSolvent⋅(1 − ΦΦc )
−2
= ηSolvent⋅(1− ccc)
−2
(1.7)
where  cc (g·L-1)  is  the critical  concentration resulting in  close packing  (Panouillé  et  al., 
2005a, b; Pitkowski et al., 2008). This model assumes as well that the viscosity diverges  
when  c reaches  cc and  does  therefore  not  match  the  data  obtained  from  NaCn 
suspensions  (see  Figure  1.7).  However,  the  authors  fitted  the  viscosity  at  low 
concentrations to obtain cc as a characteristic parameter of the suspension that indicates 
the concentration above which the viscosity increases more steeply because of jamming 
Figure 1.9: Zero-shear viscosity η0 of sodium caseinate suspensions reduced to the solvent viscosity 
ηSolvent as a function of concentration. Data was compiled from Farrer & Lips, 1999 (open symbols) and 
Loveday et al., 2010 (closed symbols). Full line and dashed line illustrate predictions according to 
Equations 1.3 and 1.7, respectively.
Reproduced from Loveday et al. (2010) with permission from John Wiley & Sons.
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of  the  casein  particles.  Viscosity-concentration  plots  were  generated  at  different 
temperatures for suspensions of NaCn (Pitkowski et al., 2008),  β-casein (Panouillé et al., 
2005a) and native phosphocaseinate in sodium polyphosphate buffer (Panouillé et al., 
2005b).  In all  studies,  an increase in temperature resulted in a decrease of  η0 and an 
increase of cc, which was attributed to a decrease of the effective volume fraction of the 
casein particles.
de Kruif et al. (2015a) illustrated the viscosity as a function of concentration in semi-log 
plots instead of log-log plots and observed two linear regimes. The intersection of the two 
straight  lines  was  taken  as  the  characteristic  coil  overlap concentration,  a  parameter 
usually  obtained  from  log-log  plots  that  is  commonly  used  in  polymer  rheology  and 
indicates the beginning of overlapping of polymer molecules (Takahashi et al., 1985). de 
Kruif et al. (2015a) found a considerably lower coil overlap concentration for αS1-casein 
enriched NaCn compared to αS1-casein depleted NaCn and purified β-casein. The authors 
ascribed this to the fact that αS1-casein molecules interact with each other through their 
hydrophobic termini  and thus exhibit a polymeric character, whereas β- and κ-caseins 
associate to soap-like micelles and behave like particle dispersions. de Kruif et al. (2015a) 
observed  as  well  a  decreasing  viscosity  with  increasing  temperature.  In  contrast  to 
Nicolai's group (Panouillé et al., 2005a, b; Pitkowski et al., 2008), however, they attributed 
this to decreased interactions with the solvent, which causes de-swelling of the casein 
particles to be in agreement with their previous study on the swelling behaviour of casein 
gels (de Kruif et al., 2015b).
1.3.2.2 Flow properties
Concentrated suspensions of NaCn (Bouchoux et al., 2009; Loveday et al., 2010; Pitkowski 
et  al.,  2008),  calcium caseinate  (CaCn;  Thomar et  al.,  2013),  β-casein (Panouillé  et  al., 
2005a)  and  casein  submicelles  (Bouchoux  et  al.,  2009;  Panouillé  et  al.,  2005b)  were 
reported to show shear thinning behaviour. Panouillé et al. (2005b) and Pitkowski et al. 
(2008) used an empirical model to describe the shear rate dependence of the suspension 
viscosity:
η( γ̇) = η0⋅(1+ γ̇γ̇c)
−1
(1.8)
where   (s-1)  is the shear rate and  c (s-1)  a characteristic shear rate that indicates the 
onset of shear thinning. This equation resulted in master curves for suspensions with 
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different concentrations and at different temperatures since c was found to be inversely 
proportional  to  η0.  Moreover,  the authors  compared  c-1 to  the  “time it  takes for  the 
particles to diffuse over a distance equal to their diameter”. This diffusion time tD (s) was 
determined  from  the  mean  square  displacement  for  Brownian  diffusion  in  three 
dimensions r² (m) and the diffusion coefficient D (see Equation 1.1) using r = 2 · Rh (i.e., the 
diameter of the casein particles) as the distance to be overcome2:
tD =
r2
6⋅D
=
4 π⋅Rh
3
⋅η0
k B⋅T
(1.9)
Using Rh ~ 11 nm as determined by light scattering resulted in  tD · c ~ 1 (Panouillé et al., 
2005b; Pitkowski et al., 2008), which in turn suggests that  Rh of casein particles can be 
roughly estimated from the shear thinning behaviour of dense suspensions.
Bouchoux et al. (2009) described the shear thinning behaviour of native phosphocasein 
suspensions using a model developed by Krieger & Dougherty (1959):
η(τ) − η∞
η0 − η∞
=
1
1+ ττc
(1.10)
where  η∞ (Pa·s)  is  the  equilibrium  viscosity,  τ (Pa)  the  shear  stress  and  τc (Pa)  the 
characteristic  shear  stress  that  indicates  the  onset  of  shear  thinning.  The  authors 
observed that τc increased to a maximum with increasing volume fraction up to Φ ~ 0.62, 
indicating the transition from a disordered to an ordered state. A further increase in  Φ 
decreased  τc towards zero at  Φ ~ 0.8 – 0.85. This behaviour was qualitatively similar to 
monodisperse silica spheres which, however, showed a maximum τc at Φ ~ 0.5 and τc = 0 
at  Φ = Φc ~ 0.64, i.e., the critical volume fraction for random close packing of ideal hard 
spheres (de Kruif et al.,  1985). This discrepancy was attributed to the polydispersity of 
native  phosphocasein  and to  their  soft  particle  behaviour.  This  was  supported by  η∞ 
increasing steadily with concentration without showing an abrupt change in the slope, 
indicating deformation and alignment of the casein particles.
1.3.2.3 Viscoelastic properties
Farrer  &  Lips  (1999)  reported  that  the  viscoelastic  properties  of  a  330 g·L-1 NaCn 
suspension were similar to those of entangled polymer solutions, i.e., G' and G'' increasing 
over  frequency with  G' crossing  G'' at  a  certain frequency but  not  reaching  a plateau 
2 Email correspondence with Prof. Taco Nicolai, Université du Maine, Le Mans, France (28.02.2019)
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within  the  applied  frequency  range  (10-2 – 102 Hz).  The  authors  were  rather  surprised 
about their findings because theoretical considerations from adhesive hard sphere theory 
and  polycondensation  theory  predicted  sol-gel  transitions  already  at  much  lower 
concentrations.  This indicated rather transient networks as the bonds between casein 
particles dissociated easily at the applied frequencies. Loveday et al. (2010) and Pitkowski  
et al. (2008) therefore compared concentrated NaCn suspensions to glasses rather than 
gels.
Bouchoux  et  al.  (2009)  observed  that  with  increasing  concentration  of  native 
phosphocasein suspensions, the dynamic moduli increased and the cross-over of G' and 
G'' was shifted to lower frequencies. At concentrations of 210 and 370 g·L-1, the moduli 
were barely frequency dependent and G' dominated G'' over the entire frequency range 
that was investigated (10-2 – 101 Hz),  suggesting gel-like behaviour.  However,  data from 
creep-recovery experiments of a 370 g·L-1 suspension were converted to the frequency 
domain and revealed a cross-over of G' and G'' at 3·10-5 Hz, meaning that no true gel with 
permanent connections was formed and the sample was still flowing at long time scales.
Nicolai's group reported in several  studies that the mechanical  spectra obtained from 
suspensions  with  different  concentrations  and  at  different  temperatures  can  be 
superimposed  by  horizontal  and  sometimes  vertical  shifts  (Panouillé  et  al.,  2005a,  b; 
Pitkowski et al., 2008; Thomar et al., 2012, 2013, 2014). Considering horizontal (aT) and 
vertical  (bT)  shift  factors,  this  provided master curves over a  broader frequency range 
(Figure 1.10). de Kruif et al. (2015a) used the Burgers model (a Maxwell model in series 
Figure 1.10: Master curves of storage modulus G' (closed symbols) and loss modulus G'' (open symbols) 
of 200 g·L-1 sodium caseinate suspensions obtained from time-temperature-superposition (5 – 80 °C).
Reproduced from Pitkowski et al. (2008) with permission from Elsevier.
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with  a  Kelvin-Voigt  model)  for  fitting  of  the  master  curves  from  αS1-casein  enriched 
caseinate suspensions.
Panouillé  et  al.  (2005b)  and Pitkowski  et  al.  (2008)  reported a  large frequency  region 
around the cross-over  frequency  ωc (rad·s-1)  where  G' and  G'' were close,  indicating  a 
broad  distribution  of  relaxation  times.  In  both  studies,  a  strong  variation  of  ωc with 
temperature  and concentration  was  observed,  while  the  high  frequency  elastic  shear 
modulus  Gel (Pa)  was  found  to  be  barely  affected.  This  suggested  that  the  strong 
dependence of η0 on concentration and temperature resulted from the variations in ωc.
Thomar et al. (2012) determined the terminal relaxation time from the reciprocal cross-
over  frequency,  i.e.,  ωc-1 (s),  and estimated  Gel as  ten  times  the  value  of  G' at  ωc for 
140 – 300 g·L-1 NaCn  suspensions  at  10 – 60 °C  (Figure  1.11).  ωc-1 increased  with 
decreasing  temperature  and  increasing  concentration,  however,  the  concentration 
dependence was more pronounced at lower temperatures.  Gel increased with increasing 
temperature  although  the  variation  with  temperature  and  concentration  was  much 
smaller compared to that of  ωc-1. The authors concluded that the density of the casein 
particles decreased with decreasing temperature, which made them easier to deform and 
lead to lower  Gel. On the other hand, interpenetration of the particles might have been 
increased, leading to higher friction and slower relaxation and thus increased ωc-1. Thomar 
et al. (2012, 2013) further reported that the presence of Ca2+ ions, introduced either by 
using CaCn or by adding CaCl2 to NaCn, increased interactions between casein particles, 
leading to stronger friction and thus increased ωc-1.
Figure 1.11: Terminal relaxation time ωc-1 (left) and high frequency elastic shear modulus Gel (right) as a 
function of the sodium caseinate concentration at different temperatures. Solid lines are linear fits.
Reproduced from Thomar et al. (2012) with permission from The Royal Society of Chemistry.
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1.3.2.4 Rheology of cross-linked caseins
Until now, the only investigations on the effect of cross-linking on the rheology of casein 
suspensions were conducted by de Kruif et al. (2015a) who treated 100 g·kg-1 solutions of 
NaCn,  αS1-casein  depleted  NaCn  and  purified  β-casein  with  mTGase  and  diluted  the 
samples  prior  to  viscosity  measurements.  Cross-linking  had  almost  no  effect  on  the 
viscosity  and  the  coil  overlap  concentration  of  β-casein,  indicating  that  the  apparent 
molar mass was not increased because cross-links were formed predominantly  within 
distinct β-casein particles (de Kruif et al., 2002; O'Connell & de Kruif, 2003). In contrast,  
cross-linking increased the viscosity and decreased the coil overlap concentration of NaCn 
and αS1-casein depleted NaCn. The authors hypothesised that, in these samples, contacts 
between casein particles were enabled by the hydrophobic termini  of  αS1-caseins and 
facilitated  cross-linking  between  individual  casein  particles,  leading  to  an  increase  in 
molar mass and in viscosity.
One drawback of the study of de Kruif et al. (2015a) is that they performed cross-linking 
only at a protein concentration of 100 g·kg-1, which already is in the region of the critical 
concentration for close packing (Farrer & Lips,  1999; Pitkowski  et  al.,  2008).  Increased 
interactions between casein particles are thus very likely and an increase in viscosity by  
cross-linking could be expected since prolonged incubation with mTGase even resulted in 
gel formation (de Kruif et al., 2015a). Therefore, there is still a knowledge gap concerning 
the  rheological  properties  of  dense  suspensions  of  NaCn  that  was  cross-linked  at 
concentrations below close packing.
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2 Objectives of the thesis
Enzymatic casein cross-linking has a huge potential  for tailoring physical  properties of 
dairy products and other casein containing food and non-food systems. Although many 
attempts  have  been  made  by  the  food  industry  to  take  advantage  from  mTGase, 
important  information  on  the  effects  of  covalent  cross-links  is  still  missing,  and  the 
conformational status of micellar as well as non-micellar caseins after enzyme treatment 
is still poorly understood.
In this research, structure-function-interrelations of cross-linked caseins were elucidated 
by  molecular  characterisation in  combination with  rheological  studies  of  acid-induced 
gels. For that, different non-micellar casein preparations (NaCn, CaCn, Cn-PB) were used 
as model substrates for which different extents of association were expected according to 
concentration and charge number of the present ions. The hypothesis that cross-linking 
of casein molecules by mTGase occurs predominantly within distinct casein particles was 
verified by DLS and SEC experiments. Additionally, the colloidal properties of cross-linked 
casein particles were, for the first time, studied by steady and oscillatory shear rheometry 
of concentrated NaCn suspensions. Gelation of casein was induced by adding GDL and 
monitored in time-based small amplitude oscillatory shear rheometry to determine the 
maximum  G' as a function of  incubation time with mTGase and thus to examine the 
relationship between cross-linking intensity and gel stiffness.
The results will provide further information on the mechanisms by which enzymatic cross-
linking alters the gelation properties of  casein and identify  important external  factors 
which directly affect the relationship between casein cross-linking and gel stiffness. This 
knowledge is crucial for the successful application of mTGase in fermented dairy products 
and the potential utilisation of cross-linked casein as additive in food formulations.
48 2 Objectives of the thesis
3 Materials and methods 49
 
3 Materials and methods
3.1 List of chemicals
All chemicals and reagents that were used in this study are listed in Table 3.1.
Table 3.1: List of chemicals and reagents used.
Chemical/Reagent Formula/
Trade name
Manufacturer
3-[(3-Cholamidopropyl) 
dimethylammonio]-
1-propansulphonate
Acetic acid
Acid casein (bovine milk)
Acrylamide
Ammonium persulphate
Boric acid
Calcium chloride
Calcium hydroxide
Casein sodium salt
(bovine milk)
Coomassie brilliant blue 
R250
Copper sulphate 
pentahydrate
Disodium monohydrogen 
phosphate dihydrate
Dithiothreitol
Ethanol (96 %)
Ethylenediamine
tetraacetic acid
Glucono--lactone
Glycerine
Glycine
H-D-valyl-L-leucyl-L-lysysl-
4-nitroanilide dichloride
Hydrochloric acid (37 %)
Hydroxylamine 
hydrochloride
Iron trichloride hexahydrate
L-glutamic acid 
-monohydroxamate
L-glutathione
Leucine aminopeptidase 
(porcine kidney; 
ammonium sulphate 
suspension, 50 U)
CHAPS
H3BO4
CaCl2
Ca(OH)2
CuSO4·5H2O
Na2HPO4·2H2O
EDTA
S-2251
HCl
FeCl3·6H2O
Carl Roth GmbH & Co. KG, Karlsruhe, Germany
VWR International GmbH, Darmstadt, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Merck KGaA, Darmstadt, Germany
Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Applichem GmbH, Darmstadt, Germany
Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Roquette, Lestrem, France
Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Instrumentation Laboratory GmbH, Kirchheim, 
Germany
Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
VWR International GmbH, Darmstadt, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Table is continued on page 50.
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Table 3.1 continued.
Lipolase 100 L
Lithium citrate buffer
Lithium hydroxide
Methanol
Microbial transglutaminase 
(Activa MP; Streptomyces 
mobaraensis)
N-carboxybenzyl-
L-glutaminyl-glycine
N,N,N,N'-Tetramethyl­
ethylenediamine
N,N-Methylene­
bisacrylamide
N-ε-(-glutamyl)-lysine
Ninhydrin
Orange G
Paraffin oil
Pepsin (porcine gastric 
mucosa; 3,200 – 4,500 
U·mg-1)
Phosphoric acid (0.1 mol·L-1)
Plasmin (bovine plasma; 
5 U·mL-1)
Potassium sulphate
Prolidase (porcine kidney; 
150 U·mg-1)
Pronase E (Streptomyces 
griseus; 4,000,000 PU·g-1)
Skim milk powder
(bovine milk, low heat)
Sodium azide
Sodium chloride
Sodium dihydrogen 
phosphate dihydrate
Sodium dodecyl sulphate
Sodium hydroxide
Sodium phosphate
Sulphuric acid (96 %)
Trichloroacetic acid
Tris(hydroxymethyl)
aminomethane
Urea
S-casein
-casein
ε-aminocaproic acid
-casein
LiOH
Z-Gln-Gly
TEMED
H3PO4
K2PO4
NaN3
NaCl
NaH2PO4·2H2O
SDS
NaOH
Na3PO4
H2SO4
TRIS
Novo Nordisk A/S, Bagsværd, Denmark
Sykam Chromatographie Vertriebs GmbH, 
Fürstenfeldbruck, Germany
Sykam Chromatographie Vertriebs GmbH, 
Fürstenfeldbruck, Germany
VWR International GmbH, Darmstadt, Germany
Ajinomoto Foods Europe SAS, Hamburg, Germany
Bachem Holding AG, Bubendorf, Switzerland
Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Serva Electrophoresis GmbH, Heidelberg, 
Germany
Merck KGaA, Darmstadt, Germany
Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Grüssing GmbH Analytika, Filsum, Germany,
Roche Diagnostics International AG, Rotkreuz, 
Switzerland
Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Merck KGaA, Darmstadt, Germany
Sachsenmilch Leppersdorf GmbH, Leppersdorf, 
Germany
Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Merck KGaA, Darmstadt, Germany
Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Alfa Aesar GmbH & Co. KG, Karlsruhe, Germany
VWR International GmbH, Darmstadt, Germany
Carl Roth GmbH & Co. KG, Karlsruhe, Germany
VWR International GmbH, Darmstadt, Germany
Carl Roth GmbH & Co. KG, Karlsruhe, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
Sigma-Aldrich Chemie GmbH, Steinheim, Germany
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3.2 Enzyme activity assays
3.2.1 Activity and stability of microbial transglutaminase
Enzyme  activity  was  determined  as  a  function  of  temperature  and  of  pH  using  the 
method of Folk & Cole (1965, 1966) with slight modifications. Basically, mTGase powder 
was dissolved in 0.1 mol·L-1 TRIS-acetate buffer (pH 6.0) at 5 mg·mL-1 and blended 1:2 with 
substrate  reagent  (0.01 mol·L-1 L-glutathione,  0.1 mol·L-1 hydroxylamine  hydrochloride, 
0.03 mol·L-1 Z-Gln-Gly in TRIS-acetate buffer;  pH 6.0).  The samples were incubated in a 
water bath at 10 – 60 °C at 10 K intervals for 10 min, followed by blending 1:1 (v/v) with 
FeCl3 reagent (50 mg·mL-1 FeCl3 in 0.1 mol·L-1 HCl, 120 mL·L-1 HCl, and 120 g·L-1 trichloro­
acetic acid in a volumetric ratio of 1:1:1) to stop the enzymatic reaction and to induce a 
colour  reaction  of  hydroxamate.  The  concentration  of  hydroxamate  was  determined 
photometrically  at  λ = 525 nm (Ultrospec 8000,  GE Healthcare Europe GmbH, Freising, 
Germany) using L-glutamic acid  -monohydroxamate as the calibration substance in a 
concentration range of 0.5 – 2.5 mmol·L-1. To evaluate the mTGase activity as a function of 
pH, TRIS-acetate buffers with pH 5.9, 6.6 or 7.3 were used and incubation was carried out 
only at 40 °C. For the determination of the mTGase stability,  the same methods were 
applied after storing the mTGase solutions for up to 24 h. Enzyme activity is expressed as 
Units (U) per g mTGase powder, where 1 U corresponds to 1 µmol hydroxamate formed 
during 1 min of enzymatic reaction (Ando et al., 1989; Jin et al., 2016). All results shown 
are mean values from triplicate experiments.
3.2.2 Activity of indigenous plasmin
The spectrophotometric assay that was established by Rollema et al. (1983) was partially 
modified according to Rauh et al.  (2014) for validation of plasmin activity in caseinate 
solutions  through  photometric  monitoring  of  the  plasmin-catalysed  release  of 
p-nitroaniline from S-2251. Untreated Cn-PB (see  Section  3.3.3) was blended 1:1:2 (v/v) 
with 50 mmol·L-1 Tris-HCl buffer (pH 7.4)  and assay buffer (50 mmol·L-1 Tris,  8 mmol·L-1 
ε-aminocaproic acid, 0.45 mmol·L-1 NaCl; pH 7.4). The mixture as well as S-2251 solution 
(2.5 mg·mL-1 in 50 mmol·L-1 Tris-HCl buffer; pH 7.4) were temperature equilibrated at 37 °C 
and subsequently blended 1:1 (v/v) to induce the reaction. Absorbance at λ = 405 nm (A405) 
was measured automatically every 2.5 min over a total duration of 60 min using a Tecan 
Infinite 200 M Pro (Tecan Group Ltd., Männedorf, Switzerland) and plotted over time to 
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determine the curve slope (dA405·dt-1) using a linear regression (R2 = 0.93) which is a direct 
indicator for the proteolytic activity (Rollema et al., 1983).
3.3 Sample preparation
3.3.1 Determination of crude protein contents
Crude protein contents of casein and skim milk powders was determined with Kjeldahl 
method (IDF, 1979). 100 – 300 mg powder was blended with 5 g catalyser (97.5:2.5 (w/w) 
K2SO4 : CuSO4·5H2O) and treated with 10 mL concentrated H2SO4. The samples were boiled 
until they became clear using a Digestion Unit (K-424, Büchi Labortechnik GmbH, Essen, 
Germany)  and  steam  distilled  after  adding  40 mL  NaOH  (320 g·L-1)  and  50 mL 
demineralised  water  (KjelFlex  K360,  Büchi  Labortechnik  GmbH,  Essen,  Germany).  The 
distillate was blended with 20 mL H3BO4 (20 mL·L-1) and Tashiro indicator and titrated with 
0.1 mol·L-1 HCl until the colour changed from transparent to slightly pink. Protein content 
cP (g·kg-1) was calculated by considering titration volume VHCl (L) and concentration of HCl 
cHCl (mol·L-1), molar mass of nitrogen MN (14 g·mol-1) and sample weight m (kg) as well as a 
conversion factor F which corresponds to 6.38 for milk proteins:
cP =
V HCl⋅cHCl⋅M N
m
⋅F (3.1)
3.3.2 Preparation of β-casein rich and β-casein poor acid casein powders
Low heat skim milk powder was reconstituted in demineralised water at 100 g·kg-1, and 
0.3 g·kg-1 NaN3 was added for preservation. The reconstituted skim milk (RSM) was kept in 
a water bath at 2.5 °C for at least 15 h to facilitate dissociation of β-casein from the casein 
micelles (Atamer et al., 2017) and then separated by cross-flow microfiltration (Crowley et 
al., 2015; Seibel et al., 2015) using a 0.1 µm polyethersulfone membrane (Sartorius AG, 
Göttingen,  Germany).  The  retentate  concentration  was  compensated  by  adding  one 
volume of refrigerated demineralised water.  The retentate was kept at  2.5 °C and the 
process was repeated on the next day to increase separation efficiency. After warming to 
ambient temperature, permeate and retentate were acidified to pH 4.6 with 6 mol·L-1 HCl. 
The precipitated casein was separated from the whey by filtration through cellulose filters 
(Rotilabo type 600P, Carl Roth GmbH + Co. KG, Karlsruhe, Germany), excessively washed 
with demineralised water, removed from the filter and freeze dried (Alpha 1-4 LD Plus, 
Martin Christ GmbH, Osterode am Harz, Germany). Permeate and retentate powders had 
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crude protein contents of 952 and 949 g·kg-1, and are further referred to as β-casein rich 
and β-casein poor acid casein, respectively.
3.3.3 Preparation of caseinate solutions
Acid casein powder (860 – 889 g·kg-1 crude protein depending on the batch) was dissolved 
in  0.1 mol·L-1 phosphate  buffers  (Cn-PB)  that  were  prepared  by  blending  0.1 mol·L-1 
NaH2PO4·2H2O and 0.1 mol·L-1 Na2HPO4·2H2O to obtain pH 6.3, 6.8, or 9.2. Dissolution of 
acid casein in phosphate buffer is facilitated by H+ transfer from acid precipitated casein 
(pH ~ 4.6 – 4.8)  to  HPO42- ions,  thereby  decreasing  the  pH  of  the  system.  The  final 
caseinate  solutions therefore exhibited pH 5.9,  6.6,  and 7.3,  respectively.  According to 
previous publications (Jaros et al., 2010, 2014a, b; Rohm et al., 2014), Cn-PB with pH 6.6 
was considered the standard sample and used in the experiments if not stated otherwise.
For  preparation  of NaCn and  CaCn  solutions,  acid  casein  powder  was  dispersed  in 
demineralised water  and dissolved at  room temperature by  neutralising  (pH 6.6)  with 
1 mol·L-1 NaOH or  0.02 mol·L-1 Ca(OH)2,  respectively,  under  continuous  stirring  with  a 
magnet stirrer.
Cn-PB  from  β-casein  rich  and  β-casein  poor  acid  casein  powders  were  prepared 
accordingly, but unless stated explicitly otherwise, all samples refer to preparations from 
commercial acid casein powder.
Target  protein  concentration  was  always  27 g·kg-1,  and  0.3 g·kg-1 NaN3 was  added  for 
preservation.
3.3.4 Incubation with microbial transglutaminase
For most studies, casein cross-linking by mTGase was according to previous publications 
(Jaros  et  al.,  2010,  2014a;  Rohm  et  al.,  2014).  Casein  solutions  were  temperature 
equilibrated at 40 °C before adding 3 U mTGase per g protein. The required amount of 
mTGase powder was estimated from the enzyme activity determined according to Section 
3.2.1. Incubation was carried out in a water bath at 40 °C and the enzyme was inactivated 
after  predefined periods of  time (0 – 24 h)  by heat treatment at  85 °C for 15 min and 
subsequent cooling in ice water. A reference without enzyme addition was treated in the 
same way and is referred to as 0 h. The samples were stored frozen (–18 °C) until usage.
In one particular  trial  (Section  4.3),  this  procedure was slightly varied.  Incubation was 
carried  out  at  different  incubation  temperatures  Tinc = 10 – 40 °C  at  10 K  intervals  for 
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0 – 48 h with the enzyme dosage adjusted to 3 U per g protein by considering the enzyme 
activities at the respective Tinc; additional experiments at Tinc = 30 °C were carried out using 
1.5 or 6 U per g protein. Unlike all other studies and previous publications (e.g., Jaros et 
al.,  2010, 2014a; Rohm et al., 2014), 0 h refers to samples with the enzyme added but 
immediately  inactivated.  Enzyme inactivation in samples for gelation experiments was 
through  heating  at  85 °C  for  15 min  and  subsequent  cooling  in  ice  water,  and  the 
solutions were stored frozen (–18 °C)  until  usage. Samples for chemical  analyses were 
instead  diluted  with  urea-containing  buffers  (Sections  3.4.3 and  3.4.4)  for  protein 
unfolding and thus enzyme inactivation without any heat treatment and measured within 
one day.
3.3.5 Incubation with indigenous and exogenous plasmin
In  one  study  (Section  4.6),  the  mutual  effects  of  casein cross-linking  by  mTGase  and 
casein degradation by plasmin were investigated. For this, Cn-PB with different pH was 
subjected to various treatments:
1. Samples were kept in a water bath at 40 °C for 0 – 24 h to study the pH-dependent 
action of indigenous plasmin;
2. Samples of set 1 that were stored for 24 h were incubated with 3 U mTGase per g 
protein for 0 – 24 h to investigate the cross-linking of casein degradation products;
3. Samples  were  directly  incubated  with  3  U  mTGase  per  g  protein  at  40 °C  for 
0 – 24 h  to  investigate  the  simultaneous  action  of  mTGase  and  indigenous 
plasmin;
4. Samples of set 3 that were incubated with mTGase for 0 and 24 h were further 
treated with commercial bovine plasmin at a concentration of 10 U per g protein 
at 40 °C for 1 h to examine the degradation of cross-linked caseins by plasmin.
All samples were heat treated at 85 °C for 15 min after predefined periods of time.
3.3.6 Sodium caseinate suspensions with different concentrations
Casein  sodium  salt  was  dissolved  in  demineralised  water  at  a  concentration  of  50 g 
powder per kg, and 0.3 g·kg-1 NaN3 was added for preservation. The pH of the solution 
(~ 7.0) was not further adjusted. Incubation with 3 U mTGase per g protein was carried 
out at 40 °C for 0, 3 or 24 h, followed by heat treatment at 85 °C for 15 min. The samples 
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were concentrated in a rotational vacuum evaporator (Büchi Labortechnik GmbH, Essen, 
Germany)  at  70 °C  and  subsequently  freeze-dried  (Alpha  1-4  LD  Plus,  Martin  Christ 
Gefriertrocknungsanlagen  GmbH,  Osterode  am  Harz,  Germany).  Dry  matter  was 
determined  by  heating  at  103 °C  until  constant  mass  was  reached  (~ 6 h)  and  was 
940 g·kg-1 for all powders. The powders were redissolved at 10 – 120 g·kg-1 using a magnet 
stirrer and at 140 – 300 g·kg-1 using an agitator; the water content of the powders was 
neglected. The samples were heated to 60 °C and centrifuged at 14,000 × g for 10 min to 
remove air (Loveday et al., 2010). Half of the samples were prepared in duplicate to verify 
reproducibility, and the results are shown individually. To avoid confusion with caseinate 
solutions used for gelation experiments, samples of this trial are further denoted as NaCn 
suspensions.
3.4 Analytical methods
3.4.1 Determination of N-ε-(γ-glutamyl)-lysine isopeptide content
Enzymatic  hydrolysis  was  preformed  according  to  Henle  et  al.  (1991a)  with  slight 
modifications. Briefly, 100 µL caseinate solution were diluted with 1000 µL of 0.02 mol·L-1 
HCl and treated with 50 µL pepsin solution (2 mg·mL-1 in 0.02 mol·L-1 HCl) at 37 °C for 24 h. 
Afterwards,  250 µL TRIS-HCl buffer (2 mol·L-1,  pH 8.2) were added and the sample was 
treated with 50 µL pronase E solution (2 mg·mL-1 in 2 mol·L-1 TRIS-HCl buffer, pH 8.2) at 
37 °C  for  24 h.  Finally,  4 µL  leucine  aminopeptidase  and  20 µL  prolidase  solution 
(50 U·mL-1)  were  added  and  incubation  was  continued  at  37 °C  for  another  24 h.  All 
incubation steps were carried out in a warming chamber (Memmert GmbH & Co. KG, 
Schwabach, Germany), and samples were subsequently freeze-dried (Alpha 1-4 LD Plus, 
Martin Christ Gefriertrocknungsanlagen GmbH, Osterode am Harz, Germany).
An amino acid analyser S4300 equipped with a cation exchange column LCA K07/Li (both 
Sykam  Chromatographie  Vertriebs  GmbH,  Fürstenfeldbruck,  Germany)  was  used  for 
amino  acid  analysis.  Hydrolysates  were  redissolved  in  2 mL  lithium  citrate  buffer 
(0.12 mol·L-1;  pH 2.2)  and filtered through 0.45 µm syringe filter.  Injection volume was 
30 µL  and  separation  of  amino  acids  was  achieved  at  an  isocratic  flow  rate  of 
0.45 mL·min-1 by  applying  the  elution  programme shown in  Table  3.2.  A  post-column 
derivatisation with ninhydrin facilitated detection at  λ = 570 and 440 nm, and Chromstar 
(v6.3, Sykam Chromatographie Vertriebs GmbH, Fürstenfeldbruck, Germany) was used for
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Table 3.2: Elution programme for quantification of N-ε-(γ-glutamyl)-lysine via amino acid 
analysis.
Time
(min)
0.12 mol·L-1 
Lithium citrate 
pH 2.9
(%)
0.12 mol·L-1 
Lithium citrate 
pH 4.2
(%)
0.12 mol·L-1 
Lithium citrate 
borate pH 8.0
(%)
0.5 mol·L-1 
LiOH
(%)
Column 
temperature
(°C)
00
04
16
21
33
39
43
53
61
64
76
86
85
20
00
43
00
00
00
00
00
85
85
85
015
080
100
057
100
000
000
000
000
015
015
015
000
000
000
000
000
100
077
077
000
000
000
000
000
000
000
000
000
000
023
023
100
000
000
000
42
42
42
42
42
42
42
50
50
74
42
42
data acquisition and evaluation. The procedure was calibrated using commercial Glu-Lys, 
and the IC of the samples is further expressed as mg Glu-Lys per g protein.
3.4.2 Analytical size exclusion chromatography
SEC was conducted using a liquid chromatography system (AZURA Assistant ASM 2.1L, 
Knauer  Wissenschaftliche Geräte  GmbH, Berlin,  Germany)  coupled to a  Superdex 200 
Increase  10/300 column (GE Healthcare  Europe GmbH,  Freiburg,  Germany)  was used. 
Caseinate  solutions  were  diluted  with  elution  buffer  (6 mol·L-1 urea,  0.1 mol·L-1 NaCl, 
0.1 mol·L-1 Na2HPO4·2H2O, 1 g·L-1 CHAPS; pH 6.8) to a concentration of 2 g·L-1, treated with 
100 mg·mL-1 DTT to cleave disulphide bonds and filtered through 0.45 µm syringe filters 
(regenerated cellulose, Analytik-Zubehör GmbH, Langen, Germany). Injection volume was 
100 µL and the separation was carried out at ambient temperature at an isocratic flow 
rate  of  0.5 mL·min-1.  Caseinate  was  detected  via  UV  absorption  at  λ = 280  nm,  and 
ClarityChrom (v.3.0.7; Knauer Wissenschaftliche Geräte GmbH, Berlin, Germany) was used 
for data acquisition and evaluation. The relative amount of monomer, dimer, and polymer 
fractions (%) were estimated from the corresponding peak areas in the chromatograms 
related to the entire sample area, and the PD was defined as 100 % – monomer content 
(Lauber et al., 2000).
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3.4.3 Size exclusion chromatography coupled to multi angle light scattering
In selected experiments, molar mass of polymeric fractions was determined. For this, the 
same procedure as in  Section  3.4.2 was applied using a different equipment. The SEC 
column was coupled to a liquid chromatography system from Agilent Technologies, Inc. 
(Santa  Clara,  CA,  USA)  and the  eluting  caseinate  was  detected by  UV/Vis  (λ = 280 nm; 
Agilent  Technologies,  Inc.,  Santa Clara,  CA,  USA),  dRI  (λ = 633 nm;  Optilab  T-rEx,  Wyatt 
Technology  Europe  GmbH,  Dernbach,  Germany),  and  MALS  detectors  (λ = 633.8  nm,
18 angles; Dawn Heleos II; Wyatt Technology Europe GmbH, Dernbach, Germany). Data 
was acquired and evaluated using Astra (v6.1; Wyatt Technology Europe GmbH, Dernbach, 
Germany),  and molar  mass was calculated with  a  1st order  Berry  fit  using  either  dRI 
(dn·dc-1 = 0.186 mL·g-1; de Kruif & Grinberg, 2002; Monogioudi et al., 2009) or UV signal 
(ε = 0.85 mL·mg-1; Thomar et al., 2013).
3.4.4 Sodium dodecyl sulphate polyacrylamide gel electrophoresis
Linear  SDS-PAGE was  performed  using  a  vertical  device  with  10 × 8 cm2 plates  (C.B.S. 
Scientific Company, Inc., Del Mar, CA, USA), and the procedure was slightly modified from 
Laemli (1970). Acrylamide solution (97:3 (w/w) acrylamide : N,N'-methylenebisacrylamide) 
was blended 70:30 (v/v) with a mixture of 2 mol·L-1 TRIS-HCl buffer (pH 8.8), 100 mg·mL-1 
SDS, 10 mol·L-1 TEMED, and 100 mg·mL-1 ammonium persulphate (94.8:3.4:0.1:1.7 (v/v)) to 
obtain a separating gel mixture with 125 mg·mL-1 acrylamide. A stacking gel mixture with 
40 mg·mL-1 acrylamide  was  prepared accordingly  but  with  0.33 mol·L-1 TRIS-HCl  buffer 
(pH 6.8). The separating gel mixture was poured first between the plates (gap ~ 0.5 mm), 
and the stacking gel mixture was placed on top after ~ 60 min. The gels were left over 
night  for  complete  polymerisation.  The  electrode  buffer  contained  0.05 mol·L-1 TRIS, 
0.38 mol·L-1 glycine, and 2 g·L-1 SDS. Caseinate solutions were blended 0.3:4.7:4.7:0.3 (v/v) 
with  8 mol·L-1 urea,  sample  buffer  (pH 8.0;  0.8 mol·L-1 TRIS,  2 mmol·L-1 EDTA,  4 mol·L-1 
glycerine, 20 g·L-1 SDS, 0.2 g·L-1 Orange G), and 150 mg·mL-1 DTT prior to boiling for 5 min. 
10 µL of the samples were injected to the sample wells, and the separation was achieved 
by applying 100 V for ~ 2.5 h. Protein bands were stained with Coomassie Brilliant Blue 
R250 (0.6 g·L-1 in  4:1:5  (v/v)  ethanol,  acetic  acid,  demineralised  water),  and  gels  were 
subsequently  destained  with  5:1:14  (v/v)  methanol,  acetic  acid,  demineralised  water. 
Electropherograms  were  visualised  by  scanning  at  300 dpi,  and,  if  necessary,  semi-
quantitatively  evaluated  regarding  band  intensities  using  TL100  software  (Nonlinear 
Dynamics, Newcastle upon Tyne, UK) to determine mass ratios between protein fractions.
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3.4.5 Dynamic light scattering
The  hydrodynamic  radius  of  caseinate  particles  prior  to  and  after  cross-linking  was 
determined  by  batch  DLS  using  DynaPro NanoStar  (Wyatt  Technology  Europe GmbH, 
Dernbach,  Germany).  Caseinate  solutions  were  filtered  through  syringe  filters 
(regenerated cellulose, 0.45 µm, Analytik-Zubehör GmbH, Langen, Germany), transferred 
to microcuvettes  (Wyatt Technology Europe GmbH, Dernbach, Germany), and subjected 
to laser light with  λ = 663 nm. Scattering intensity was measured at an angle of 90° for 
acquisition  times  of  250 s,  and  three  subsequent  measurements  were  averaged. 
Temperature  was  controlled  by  a  Peltier  element  and  set  to  40 °C,  matching  the 
temperature used for incubation with mTGase. Data was acquired and evaluated using 
Dynamics  (v7.1.9;  Wyatt  Technology  Europe  GmbH,  Dernbach,  Germany),  and  the 
Rayleigh spheres model was applied to obtain mass weighted particle size distributions.
3.5 Characterisation of gel formation and gel properties
3.5.1 Modification of casein solutions for gelation experiments
For the majority of the experiments caseinate solutions were used unaltered, however, 
the samples were modified after incubation for particular trials.
To investigate  the  impact  of  ions  on the  gelation behaviour  of  cross-linked caseinate 
independently  of  their  effect  on casein polymerisation (Section  4.1.2),  NaCl  and CaCl2 
were added to NaCn solutions after incubation with mTGase. In the case of CaCl2 addition, 
the pH was readjusted using 1 mol·L-1 NaOH to compensate for deprotonation of casein 
by Ca2+ ions. Resulting concentration differences between the samples were negligible.
In a different trial, Cn-PB that was treated with mTGase for different periods of time was  
blended with the respected uncross-linked reference (0 h)  in ratios necessary to reach 
identical target ICs (Section  4.4).  PD and relative amounts of polymeric fractions were 
calculated  from  the  respective  numbers  of  the  basis  samples  and  the  mixing  ratios. 
Similarly, β-casein poor Cn-PB that was incubated with mTGase for 0 or 24 h was blended 
with uncross-linked  β-casein rich Cn-PB in ratios  of  70:30,  80:20,  90:10,  or  100:0 (v/v) 
(Section 4.5.2), with 90:10 roughly corresponding to the composition of the original RSM 
(as was estimated from the weight of the achieved powders;  Section 3.3.2). To obtain a 
similar number of cross-links in the sample, always 70 % of cross-linked  β-casein poor
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Table 3.3: Composition of casein in 0.1 mol·L-1 phosphate buffer (Cn-PB) with varied β-casein 
concentration. Reproduced from Raak et al. (2017) Food Biophysics 12, pp. 261–268, with permission 
from Springer Nature.
Sample denotation Cross-linked* β-casein 
poor Cn-PB (%)
Uncross-linked 
β-casein poor Cn-PB 
(%)
Uncross-linked 
β-casein rich Cn-PB 
(%)
Uncross-linked 70:30
Uncross-linked 80:20
Uncross-linked 90:10
Uncross-linked 100:0
00
00
00
00
070
080
090
100
30
20
10
00
Cross-linked 70:30
Cross-linked 80:20
Cross-linked 90:10
Cross-linked 100:0
70
70
70
70
000
010
020
030
30
20
10
00
*Cross-linking was performed with 3 U microbial transglutaminase per g protein at 40 °C for 24 h.
Cn-PB  was  used  in  the  respective  mixture  and  complemented  with  uncross-linked 
β-casein  poor  Cn-PB  (Table  3.3).  All  mixtures  were  prepared  separately  for  individual 
measurements.
The Cn-PB sample set with different pH (Section  4.6) was aligned to pH 6.6 by adding 
0.1 mol·L-1 H3PO4 or  0.1 mol·L-1 Na3PO4,  and  resulting  concentration  differences  were 
compensated by diluting with 0.1 mol·L-1 phosphate buffer (pH 6.6) to 21 g·kg-1 protein. In 
this way, equal pH profiles were obtained during acidification with GDL and results from 
rheological measurements were comparable.
To elaborate the potential of cross-linked NaCn for enrichment of acid milk gels (Section 
4.1.3), NaCn solutions that were incubated with mTGase for different periods of time were 
blended 1:2 (w/w) with 150 g·kg-1 RSM (preserved with 0.3 g·kg-1 NaN3), resulting in skim 
milks  with  100 g·kg-1 dry  matter  enriched  with  9 g·kg-1 NaCn  (total  protein  content 
~ 45 g·kg-1).
3.5.2 Monitoring of acidification
pH development of the samples during acidification with GDL was monitored using a six 
channel  data  logger  for  pH  and  temperature  (MCC-SYSti-6b,  EA  Instruments  Ltd., 
Wembley, UK). Temperature equilibrated samples were blended with 30 – 120 g·kg-1 GDL, 
transferred into a water bath that was adjusted to the respective gelation temperature 
(i.e., 20, 30 or 40 °C), and pH was recorded every 60 s using the instrument associated 
software (MCC-MON-6c, v2.3.1). All measurements were conducted in duplicate.
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3.5.3 Rheological measurements
Gelation experiments were carried out in a cup-and-bob geometry using either a strain-
controlled ARES RFS3 rheometer with a water bath for temperature control (Rheometric 
Scientific, Alzenau, Germany; do = 34 mm, di = 32 mm, h = 33.5 mm) or a stress-controlled 
AR-G2 rheometer equipped with a Peltier element (TA Instruments, New Castle, DE, USA; 
do = 30 mm,  di = 28 mm,  h = 42 mm).  Both  instruments  provided similar  results;  never­
theless, experiments of one trial were always performed using the same rheometer.
Gelation was induced by adding GDL at different concentrations (30 – 120 g·kg-1) to the 
temperature equilibrated caseinate solutions, which were subsequently transferred to the 
rheometer  geometry.  The  sample  surface  was  covered  with  paraffin  oil  to  prevent 
evaporation and measurements were started a defined period after mixing the samples 
with GDL to enable comparison of the individual measurement points. Gelation curves 
were recorded every 60 s at constant frequency (ω = 1 rad·s-1), strain amplitude ( = 0.003) 
and temperature (T = 20, 30 or 40 °C), and storage modulus G' and loss factor tan δ were 
taken for comparison of the samples.
In  selected  trials,  time-based  measurements  were  followed  by  strain  sweeps  from 
 = 0.003 to 5 to determine the overshoot factor as the ratio of G' at fracture and G' of the 
linear viscoelastic region as was done in a previous study (Rohm et al., 2014).
All results are shown as mean values from duplicate experiments and the half range was 
always smaller than 5 % of the mean value.
3.5.4 Forced syneresis experiments
The caseinate solutions were blended with GDL and transferred to a centrifugation tube 
(~ 35 g),  which  was  kept  in  a  water  bath  at  30 °C.  When the  time point  of  G'max was 
reached, the samples were cooled in ice water for 5 min and subsequently centrifuged at 
1000 × g and 6 °C for 20 min (Sigma 3-30K, Sigma Laborzentrifugen GmbH, Osterode am 
Harz, Germany). The syneresis (%) was calculated from the sample weight after removing 
the expelled liquid (m1) and the initial weight of the gel (m0) as follows:
Syneresis =
m0 −m1
m0
⋅100 (3.2)
All results shown are mean values from two individual experiments.
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In a different trial (Section 4.5.1), the samples were acidified until the equilibrium pH was 
reached (~ 6 h) before they were cooled in ice water and centrifuged. The supernatant 
was carefully removed and filtered through 0.45 µm syringe filters (regenerated cellulose, 
Sartorius AG, Göttingen, Germany) and the casein fractions in the serum were analysed 
by SDS-PAGE and SEC.
3.6 Characterisation of sodium caseinate suspensions
A strain-controlled ARES-G2 rheometer equipped with a Peltier element for temperature 
control  (TA  Instruments,  New  Castle,  DE,  USA)  was  used  for  these  experiments. 
Rheological data was acquired and processed using TRIOS (v4.2.1.36612; TA Instruments, 
New Castle, DE, USA).
On the one hand, logarithmic flow ramps from  = 0.01 to 1000 s-1 were performed within 
250 s and with a sampling rate of 40 points per decade.  Samples with concentrations 
≤ 120 g·kg-1 were  measured  in  a  cup-and-bob  geometry  (do = 34 mm,  di = 31.4 mm, 
h = 47.1 mm),  and  cone/plate  (d = 50 mm,  θ = 0.04 rad,  truncation  gap = 51.4 µm)  was 
used  for  concentrations  ≥ 140 g·kg-1.  Measurements  were  carried  out  individually  at 
10 – 40 °C at 10 K intervals, and the zero-shear viscosity η0 was determined as average of 
the first 10 values of the Newtonian plateau.
Furthermore,  the  mechanical  spectra  of  NaCn  suspensions  with  concentrations 
≥ 140 g·kg-1 were measured using a single-point multiwave test. For this, a fundamental 
frequency  of  ω = 1 rad·s-1 was  superimposed  with  the  5th,  10th,  64th,  100th and  256th 
harmonics; each frequency had a strain amplitude of  = 0.001, resulting in a peak strain 
of  max = 0.0052.  Measurements  were  performed  with  a  parallel  plate  geometry 
(d = 25 mm, gap = 1 mm) at 5, 10, 20, 30 and 40 °C, and time-temperature-superposition 
(TTS) was applied to obtain master curves.
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4 Results and discussion
4.1 Gelation of cross-linked caseinate in different ionic milieus
The first objective was to compare the casein system that was used in previous studies at  
the Chair of Food Engineering, Technische Universität Dresden, i.e., Cn-PB at pH 6.6 ( Jaros 
et al., 2010, 2014a, b; Rohm et al., 2014), to NaCn, which was frequently used in other 
studies (e.g., Ercili Cura et al., 2009, 2010; Myllärinen et al., 2007), to examine the impact  
of ionic strength on casein polymerisation by mTGase and on acid-induced gelation of 
cross-linked  caseinate.  Furthermore  CaCn  was  included  as  substrate  where  Ca2+ ions 
cause  aggregation  of  mainly  αS1-  and  αS2-casein  and  partly  β-casein  to  particles  with 
diameters of up to 430 nm (Cuomo et al., 2011; Pitkowski et al., 2009; Smialowska et al., 
2017; Thomar et al., 2017). Based on the ion concentrations required for the preparation 
step, ionic strengths (I) of ~ 0.015 mol·L-1 (NaCn), ~ 0.16 mol·L-1 (Cn-PB) and ~ 0.03 mol·L-1 
(CaCn) were calculated for the (protein-free) serum phases according to Equation 4.1:
I =
1
2
⋅∑
i
ci⋅zi
2
(4.1)
where ci (mol·L-1) is the molar concentration and zi (-) the charge number of each ion type. 
An enzyme activity of 92 U·g-1 was determined for the mTGase powder used in this study 
and taken for the calculation of the required enzyme dosage.
4.1.1 Characterisation of casein cross-linking as a function of ionic milieu
Figure 4.1 shows the progress of enzymatic cross-linking in the different ionic milieus. For 
all  samples,  polymerisation  was  almost  complete  after  24 h  of  incubation  (i.e., 
PD ~ 100 %), although PDs observed for NaCn were slightly lower at all incubation times. 
IC of NaCn and Cn-PB, however, were in good agreement, suggesting that the activity of 
mTGase was hardly affected by ionic strength. In contrast, CaCn showed a lower IC after 
24 h of mTGase treatment. Kütemeyer et al. (2005) reported that mTGase activity at 50 °C 
was  considerably  decreased  by  CaCl2 in  concentrations  of  0.45 – 1.80 mol·L-1.  Both 
temperature and Ca2+ concentration were lower in the current study (40 °C, 0.013 mol·L-1), 
but may be responsible for a partial inactivation of mTGase during incubation for 24 h. 
Since the progress of polymerisation was similar for CaCn and Cn-PB, the susceptibility of 
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casein  monomers  to  mTGase  cross-linking  was  probably  not  dramatically  reduced  by 
Ca2+-induced  aggregation,  although  other  authors  observed  dense  casein  domains 
comparable to micro-phase separation (Thomar et al., 2013).
The respective chromatograms from SEC (Figure 4.2)  depict  that the individual  casein 
types (αS, β, κ) show slightly different elution volumes when injected separately, whereas 
they eluted as a single peak when caseinate samples were measured. Nevertheless, single 
casein standards indicate the position of αS-, β- and κ-casein within the monomer peak 
and  allow  drawing  conclusions  on  the  polymerisation  velocity  of  the  different  casein 
types. Independent of the ionic milieu, β-casein was completely polymerised after 1 h of 
mTGase treatment since no signal was obtained at ~ 11 – 11.5 mL. In NaCn and Cn-PB, a 
bump at  ~ 12 – 12.5 mL implies that  κ-casein remained the longest in  the monomeric 
state, which is consistent with previous results obtained from SDS-PAGE (Jaros et al., 2010; 
Macierzanka  et  al.,  2011;  Partanen  et  al.,  2008).  In  CaCn,  however,  κ-casein  was 
polymerised faster  than αS-casein.  It  was reported for casein micelles that  κ-casein is 
cross-linked first because of its good accessibility at the micelle surface (Hinz et al., 2012; 
Huppertz & de Kruif, 2007; Jaros et al., 2010). This suggests that κ-casein in CaCn is also a 
preferred substrate as a consequence of Ca2+-induced aggregation of αS-caseins.
Casein  polymers  in  Cn-PB  eluted  earlier  (~ 7 – 8.5  mL)  than  polymers  in  NaCn 
(~ 7.5 – 10 mL),  indicating  that  polymers  in  Cn-PB  were  larger  (see  Figure  4.2). 
Furthermore, the polymer peaks of NaCn and Cn-PB differed only marginally between 3 
and 24 h incubation although IC increased by a factor of ~ 2 (see Figure 4.1). This implies 
that isopeptide bonds were mainly formed within already existing polymers, and suggests 
that  this  maximum  polymer  size  increased  with  increasing  ionic  strength  as  a 
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Figure 4.1: Polymerisation degree (circles) and isopeptide content (squares) of sodium caseinate (white), 
casein in 0.1 mol·L-1 phosphate buffer (grey) and calcium caseinate (black) after incubation with 
3 U microbial transglutaminase per g protein at 40 °C.
Reproduced from Raak et al. (2019) Food Hydrocolloids 86, pp. 43–49.
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Figure 4.2: Size exclusion chromatography of casein standards and sodium caseinate (dotted lines), 
casein in 0.1 mol·L-1 phosphate buffer (dashed lines) and calcium caseinate (full lines) cross-linked with 
3 U microbial transglutaminase per g protein at 40 °C for the specified periods of time. Inserts depict an 
enlargement of the monomer peaks.
Reproduced from Raak et al. (2019) Food Hydrocolloids 86, pp. 43–49.
66 4 Results and discussion
consequence  of  self-association into casein particles  with a  higher  monomer number 
(HadjSadok et al., 2008). Investigation of Cn-PB by DLS confirmed that casein molecules 
appear  associated to particles  with  mean  Rh ~ 11 nm, which increased only  marginally 
during enzymatic cross-linking for up to 24 h (Figure 4.3). This suggests that cross-links 
are predominantly formed between casein molecules within distinct casein particles as 
already  reported  for  supramolecular  casein  micelles  (Mounsey  et  al.,  2005)  and 
assemblies of isolated β- and κ-casein molecules (de Kruif et al., 2002; O'Connell & de 
Kruif,  2003).  Abbate et  al.  (2019) confirmed this  assumption very recently by studying 
cross-linked  Cn-PB  with  AF4.  The  determination  of  the  particle  size  distribution  also 
uncovered the presence of large aggregates with Rh ~ 100 – 500 nm that were also found 
by HadjSadok et al. (2008) and Panouillé et al. (2004) who suggested that the aggregates 
might be mainly composed of lipid residues with some adsorbed protein.
Cross-linked CaCn contained the largest polymers (elution at ~ 6.5 – 8 mL), but in contrast 
to NaCn and Cn-PB, the shape of the polymer peak changed with ongoing cross-linking 
(see  Figure  4.2):  a  peak  of  lower  intensity  was  obtained  after  1 h  of  cross-linking 
(~ 6.5 – 7.5 mL), which became sharper and was shifted to higher elution volumes with 
further mTGase treatment (~ 7 – 8 mL). This suggests a change in polymer conformation 
from loose and open-structured macromolecules to dense and compact particles with 
decreased hydrodynamic volumes as a result of internal isopeptide bonds and monomer 
incorporation. A shoulder emerging at ~ 6.5 – 7 mL after cross-linking for ≥ 3 h indicates 
an additional small fraction of very large polymers.
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Figure 4.3: Particle size distribution of casein in 0.1 mol·L-1 phosphate buffer cross-linked with 
3 U microbial transglutaminase per g protein at 40 °C for 0 (grey full line), 3 (dotted black line) and 
24 h (full black line) as obtained from dynamic light scattering at 40 °C.
Reproduced from Raak et al. (2014) Annual Transactions of the Nordic Rheology Society Vol. 22, pp 109–113.
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4.1.2 Rheological studies of acid-induced caseinate gels
A GDL concentration of 40 mg·g-1 was adapted from previous studies for acid-induced 
gelation of Cn-PB solutions (Jaros et al., 2010, 2014a, b; Rohm et al., 2014). However, the 
phosphate ions that were present in this system caused a deceleration of the acidification 
compared to NaCn and CaCn because of their buffering capacity. Therefore, preliminary 
tests were done and a GDL concentration of 35 mg·g-1 was found to result in a similar pH 
development (Figure 4.4a). The mTGase treatment did not affect the acidification profiles 
as was also reported previously (Ercili-Cura et al., 2013; Jaros et al., 2010), ensuring the 
same pH course of all samples.
Figure 4.4b shows typical curves of G' and tan δ during acidification of NaCn with GDL as a 
function of  pH as  well  as  the key  parameters that  were taken for comparison of  the 
samples, i.e.,  G'max and tan δ at  G'max. The gelation started at a particular onset-pH and, 
subsequently, G' increased until a maximum gel stiffness (G'max) was reached at pH ~ 4.25. 
G' of acid-induced protein gels typically decreases again when the pH declines the pI of 
the proteins, which has been ascribed to recreated electrostatic repulsions and to the 
release of particular protein fractions from the gel network into the serum phase (Braga 
et al., 2006; Dickinson & Maria Merino, 2002; Schuldt et al., 2014). This phenomenon will 
be discussed in more detail in Section 4.5 with regard to cross-linked caseins. The gelation 
onset was accompanied by a drop of tan δ below 1.0 which indicated the transition from 
an aqueous casein solution to a viscoelastic gel network. A minimum in tan δ was reached 
near to G'max, however, with further acidification, tan δ increased up to a local maximum at 
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Figure 4.4: (a) pH development in sodium caseinate (dotted line, 35 mg·g-1 glucono-δ-lactone), casein in 
0.1 mol·L-1 phosphate buffer (dashed line, 40 mg·g-1 glucono-δ-lactone) and calcium caseinate (full line, 
35 mg·g-1 glucono-δ-lactone) during acidification at 30 °C. (b) Storage modulus G' (black line) and loss 
factor tan δ (grey line) as a function of pH during gelation (35 mg·g-1 glucono-δ-lactone, 30 °C) of uncross-
linked sodium caseinate. The key parameters that were taken for comparison of the samples (G'max and 
tan δ at G'max) are indicated.
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pH ~ 3.95 before it dropped again. In case of acid-induced milk gels, peaks in tan δ at the 
beginning  of  the  gelation  (pH ~ 5.2)  were  attributed  to  the  solubilisation  of  colloidal 
calcium phosphate from casein micelles (Anema, 2009), and to a transition from a gel  
network  dominated  by  denatured  whey  proteins  to  a  network  dominated  by  casein-
casein-interactions (Lucey et al., 1998). However, both interpretations do not apply for this 
study  since  acid  casein  powder  was  used  for  sample  preparation  and  the  peak  was 
observed at a lower pH. In general, higher tan δ values imply a more viscous character, 
indicating a relaxation of bonds and particle rearrangements (Lucey, 2001). An increase of 
tan δ goes well with a decrease of G' as it underlines reduced protein-protein interactions 
because of increased electrostatic repulsion below the pI. However, tan δ decreased again 
while G' was also decreasing, indicating that further increasing electrostatic repulsion at 
lower pH slows down structural changes and impedes particle rearrangements.
Figure 4.5 illustrates G'max of acid-induced caseinate gels formed at 30 °C as a function of 
mTGase incubation time. Consistent with previous results (Jaros et al.,  2010, 2014a, b; 
Rohm et al., 2014),  G'max of gels from Cn-PB increased with mTGase treatment for up to 
3 h, but decreased with prolonged incubation. In contrast,  G'max of NaCn gels increased 
continuously with increasing cross-linking,  and CaCn showed highest  G'max after  1 h of 
incubation. Since G'max of the uncross-linked references (0 h) were not identical despite of 
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Figure 4.5: Maximum stiffness G'max (top) and loss factor tan δ at G'max (bottom) of acid-induced gels 
(30 °C) from sodium caseinate (white, 35 mg·g-1 glucono-δ-lactone), casein in 0.1 mol·L-1 phosphate buffer 
(grey, 40 mg·g-1 glucono-δ-lactone) and calcium caseinate (black, 35 mg·g-1 glucono-δ-lactone) cross-
linked with 3 U microbial transglutaminase per g protein at 40 °C. Acidulant concentrations were 
adjusted to result in similar acidification profiles of the samples.
Reproduced from Raak et al. (2019) Food Hydrocolloids 86, pp. 43–49.
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similar  acidification  profiles  (see  Figure  4.4),  the  ionic  milieu  must  have  had  a  direct 
impact on the gelation process. Therefore, NaCl was added to a second batch of NaCn 
after mTGase treatment to evaluate the effect of ions on the gelation behaviour of cross-
linked caseins (Figure 4.6). In general, the addition of NaCl decreased the gelation onset 
pH, delayed the evolution of  G',  and shifted  G'max to lower pH, which is consistent  with 
previous studies on acid-induced NaCn gels (Lucey et al., 1997) as well as soy protein gels 
(Bi et al., 2013; Schuldt et al., 2014). Since the GDL concentration was rather high,  G' of 
NaCn gels without NaCl decreased considerably with continued acidification after  G'max 
was reached at pH ~ 4.2 because of reduced protein-protein interactions within the gel 
network as a consequence of increased electrostatic repulsion below the isoelectric point 
(Dickinson & Matia Merino, 2002). This structure weakening, however, was prevented by 
the  addition  of  NaCl,  likely  because  repulsive  charges  were  screened  by  the  ions. 
Consequently, no clear maximum was reached within the measurement period (60 min) 
for NaCn gels with 0.2 mol·L-1 NaCl. The addition of NaCl also shifted the highest G'max to 
the 3 h incubated NaCn sample (see Figure 4.6), resulting in a relationship between cross-
linking intensity and G'max similar to Cn-PB (see Figure 4.5).
Previously, an inverse linear correlation between G'max and the corresponding loss factor 
(tan δ)  was reported for acid-induced gels  from cross-linked Cn-PB (Jaros et  al.,  2010; 
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Figure 4.6: Storage modulus G' (top) and loss factor tan δ (bottom) as a function of pH during gelation 
(35 mg·g-1 glucono-δ-lactone, 30 °C) of sodium caseinate cross-linked for 0 (white), 1 (light grey), 
3 (dark grey) and 24 h (black) with 3 U microbial transglutaminase per g protein at 40 °C. NaCl was added 
in the specified concentrations after incubation and had no effect on the acidification profiles.
Reproduced from Raak et al. (2019) Food Hydrocolloids 86, pp. 43–49.
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Rohm et al., 2014). The present results, however, demonstrate that this is not a universal 
relationship as the lowest tan δ at G'max was always found for the 3 h incubated samples 
(IC ~ 14.5 mg·g-1,  PD ~ 90 %;  see  Figure  4.1)  independent  of  the  ionic  milieu  and  thus 
independent of G'max (see Figure 4.5). In general, rather loosely cross-linked polymers were 
formed during the first 3 h of incubation: an IC of 14.5 mg·g-1 corresponds to 1.26 mol 
isopeptides per mol casein (Average M of casein ~ 24 kg·mol-1), which is relatively close to 
the minimum amount of cross-links required for a polymer (0.9 mol·mol-1; Lauber et al., 
2000). A decrease in tan δ therefore points to increased elastic properties of the gels with 
moderately increasing cross-linking. In case of peroxidase-cross-linked α-lactalbumin the 
density of protein particles decreased with increasing polymerisation because of a loose 
and open structure (Dhayal et al., 2014). For concentrated suspensions (50 – 100 g·L-1) of 
the  nanoparticles,  Saricay  et  al.  (2016)  reported  a  gel-like  behaviour  with  tan δ 
(ω = 1 rad·s-1)  decreasing  from  ~ 0.65  to  ~ 0.20  with  increasing  particle  size 
(Rh = 25 – 100 nm).  They  assumed  that  the  higher  elastic  response  resulted  from 
enhanced contact and stronger short-range interactions between large jammed particles 
with a low density. Acidification reduces electrostatic repulsion and thus enables contact 
between  casein  particles  at  much  lower  concentrations,  resulting  in  a  network  with 
physical interactions between the particles within casein clusters. Therefore, the findings 
of Saricay et al. (2016) principally correlate with acid gels formed from loosely cross-linked 
casein  polymers.  On  the  other  hand,  continued  mTGase  treatment  resulted  in  the 
formation of cross-links within existing polymers: 2.53 and 2.85 mol isopeptides per mol 
casein were found in Cn-PB and NaCn incubated for 24 h, respectively, which is approx. 
three times higher than the minimum amount of cross-links in a polymer (0.9 mol·mol-1) 
and likely increased the density of the polymers again. With regard to gel networks, a 
higher tan δ is usually associated with a more pronounced dissipation if the applied shear 
energy when the disruption of weak physical bonds allows particle movements (Belyakova 
et al., 2003). This means that the mobility of loosely cross-linked, open-structured casein 
polymers  in  the  gel  network  is  probably  impaired  for  steric  reasons  (e.g.,  size, 
entanglements) and/or because of stronger interactions. In contrast, particle movements 
might  be  facilitated  again  after  excessive  cross-linking  because  of  an  increased 
compactness of the polymers.
Figure 4.5 also shows the effect of cross-linking in different ionic milieus on tan δ at G'max. 
NaCn gels exhibited the highest and CaCn gels the lowest values, except for the uncross-
linked  reference.  Since  NaCn might  contain  the  most  compact  and  CaCn  the  loosest 
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casein polymers (see Section 4.1.1), the observed tan δ are in good agreement with the 
argumentation of Saricay et al. (2016) that denser protein particles show a lower elastic 
response.  On the other hand,  gels  from uncross-linked NaCn and CaCn had relatively 
similar tan δ (~ 0.38), whereas the respective Cn-PB gel showed a considerably lower value 
(~ 0.30). This indicates that the favoured self-association at high ionic strength results in 
casein particles with lower density and thus in gels with a higher electrostatic response. 
Inversely, Belyakova et al. (2003) observed higher tan δ for acid gels after NaCn particles 
dissociated in the presence of sucrose. In contrast, Ca2+-induced casein aggregation might 
be easily revoked by acidification as a consequence of the neutralisation of negatively 
charged amino acid residues. This is in accordance with Maria-Merino et al. (2004) who 
observed a release of Ca2+ ions from casein particles with decreasing pH of caseinate gels. 
In tan δ profiles of acidified skim milk a peak at pH ≥ 5.0 indicates the dissociation of 
colloidal calcium phosphate from the supramolecular casein micelles (Anema, 2009). Such 
a peak was not observed during gelation of CaCn (data not shown), suggesting that the 
majority of Ca2+ ions were already released prior to the gelation onset (pH ~ 4.9).
The addition of  0.1 mol·L-1 NaCl  to uncross-linked NaCn decreased tan δ at  G'max from 
~ 0.36 to ~ 0.29 (see Figure 4.6). This effect was much smaller after 24 h incubation (~ 0.34 
vs. ~ 0.32)  although a considerably lower tan δ was observed when ions were already 
present during cross-linking of Cn-PB (~ 0.28; see Figure 4.5). This suggests that excessive 
cross-linking  of  casein  particles  fixates  their  conformation  and  impedes  molecular 
reorganisation induced by ions. Furthermore, the tan δ profiles were also affected by NaCl 
addition: the peak that was reached behind the pI was less pronounced and, consistent 
with results  on acid-induced soy protein gels (Schuldt  et  al.,  2014),  higher  tan δ were 
observed at the end of the measurement period. This confirms that screening of repulsive 
charges by ions counteracted structure weakening below the isoelectric point of casein by 
facilitating particle movements in the gel network.
The final  question that  remains is  why ions changed the relationship between casein 
cross-linking  and  G'max.  Lucey  et  al.  (1997)  elaborated  that  attractive  electrostatic 
interactions  between  casein  particles  are  important  for  network  formation,  and  that 
screening  of  charges  by  ions  weakens  these  interactions;  this  resulted  in  a  lower  gel 
stiffness.  However,  this  effect  was  more  pronounced  when  casein  particles  were 
excessively cross-linked. In pure NaCn, mainly positively charged ions (~ 0.025 mol·L-1 Na+) 
are present to interfere with electrostatic interactions by screening negative charges on 
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the surface of the casein particles. Hydrophobic interactions as well as additional covalent 
cross-links in the interior contribute to particle stiffness, leading to increasing G'max of acid 
gels with ongoing mTGase treatment. At higher ionic strength, introduced either prior to 
(Cn-PB)  or  after  cross-linking  (NaCn  with  NaCl),  positive  charges  were  additionally 
screened by high concentrations of negatively charged ions (i.e., phosphate, chloride), and 
attractive  electrostatic  interactions  during  gelation were  reduced.  Loosely  cross-linked 
casein molecules (i.e., incubation for ≤ 3 h) may be able to reorganise during acidification 
so that especially hydrophobic interactions between casein particles are facilitated and 
covalent  cross-links  contribute  additionally  to  gel  stiffness.  Excessively  cross-linked 
particles, however, are fixated in their distinct conformation and such rearrangements are 
therefore impeded, resulting in lower G'max.
As concerns the gelation of CaCn, considerably lower G'max were reached compared to the 
respective  NaCn samples  (see  Figure 4.5).  This  is  consistent  with  Maria-Merino et  al. 
(2004),  who  observed  a  decreasing  stiffness  of  caseinate  gels  with  increasing  CaCl2 
concentration (0 – 4.0 mol Ca2+ per mol casein) and attributed this to a decreased number 
of interacting casein particles and reduced attractive forces because of interference with 
electrostatic and hydrophobic interactions. Even though the concentration of Ca2+ ions 
was much lower compared NaCn with added NaCl, the decrease in G'max was much more 
pronounced. This indicates a very strong effect of the bivalent Ca2+ ions, which also might 
have caused the this dramatic change in the relationship between incubation time and 
G'max., meaning that Ca2+ impeded the reorganisation of casein particles even in samples 
cross-linked for only 3 h,  therefore showing the highest  G'max after 1 h incubation. This 
assumption could be confirmed to some extent by adding 0.015 mol·L-1 CaCl2 to cross-
linked NaCn prior to gelation: G'max of 1 and 3 h incubated NaCn were very similar in this 
case (Figure 4.7),  i.e.,  the  behaviour  was intermediate  between NaCn and CaCn.  Ca2+ 
concentrations  of  CaCn  and  NaCn  with  added  CaCl2 were  0.013  and  0.015 mol·L-1, 
respectively, but it might be possible that the effective Ca2+ content of the latter was lower 
because  of  incomplete  CaCl2 dissociation  and/or  lower  Ca2+ sensitivity  of  casein  after 
cross-linking. In fact, solutions were much less turbid after CaCl2 addition when NaCn was 
cross-linked  (data  not  shown),  pointing  to  reduced  interactions  with  Ca2+ ions. 
Furthermore, tan δ at  G'max of these gels were very close to those of the pure NaCn gels 
(see  Figure  4.6),  underlining  that  the  low  values  of  CaCn  gels  are  connected  to  the 
polymer size rather than the ionic milieu.
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4.1.3 Cross-linked sodium caseinate for enrichment of acid-induced milk gels
The results of this study suggested that the techno-functional  effects of adding cross-
linked caseins to foods depend on the composition of the targeted product.  This was 
further investigated using a more practical example. NaCn cross-linked for 0 – 24 h was 
used for enrichment of RSM from ~ 36 to 45 g·kg-1 protein. In general, G'max of acid-induced 
milk gels was increased by the protein enrichment (Figure 4.8a). However, although G'max 
of acid gels from pure NaCn increased continuously with increasing incubation time (see 
Figure 4.5), RSM gels showed the highest value when enriched with NaCn cross-linked for 
3 h. This was in good agreement with the findings for Cn-PB and NaCn with added NaCl. 
On the other hand,  G'max of  milk gels  enriched with 16 and 24 h incubated NaCn was 
similar to that of the respective 0 h sample. A similar trend was observed for cross-linked 
CaCn, however, neither the addition of NaCl nor of CaCl2 caused such a dramatic drop of 
G'max of excessively cross-linked NaCn (see  Section  4.1.2). This indicates that other milk 
salts, lactose, whey proteins and/or even casein micelles negatively affected the techno-
functionality of cross-linked NaCn. This needs to be addressed in future studies.
Nevertheless, the investigations showed that moderate cross-linking of NaCn enhanced 
its performance in acid-induced milk gels with regard to gel stiffness (Figure 4.8a) and 
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Reproduced from Raak et al. (2019) Food Hydrocolloids 86, pp. 43–49.
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reduction of forced syneresis (Figure 4.8b).  Both was reported previously for acid gels 
from mTGase-treated skim milk (Ercili-Cura et al., 2013; Jacob et al., 2011) and for yoghurt 
gels enriched with mTGase-treated milk protein concentrate (Chen et al., 2018), but not 
for  enrichment  with  cross-linked  NaCn.  Furthermore,  using  NaCn cross-linked for  3 h 
allowed for a reduction of the protein enrichment by 50 % while obtaining similar gel 
stiffness  and syneresis  like  milk  gels  enriched with  the  full  amount  of  uncross-linked 
NaCn. These results underline the technological potential of cross-linked NaCn as food 
additive, but also the demand for a profound research to identify the optimal conditions 
for application.
4.2 Concentration-triggered liquid-to-solid transition of sodium 
caseinate
In Section 4.1 it was suggested that moderate cross-linking of casein particles results in 
loose and open-structured polymers with increased interaction potential that are capable 
of structural rearrangements during pH decrease, whereas extensive cross-linking results 
in compact particles with less flexible coils but increased mobility in acid-induced gels. In 
this study,  the changes of the colloidal  properties of casein particles caused by cross-
linking with mTGase were investigated by steady and oscillatory shear rheology. For that, 
NaCn was treated with mTGase below close packing for 0, 3 and 24 h, freeze-dried and 
redissolved  at  different  concentrations.  This  approach  enabled  the  preparation  and 
characterisation  of  cross-linked  casein  particles  similar  to  those  used  in  the  gelation 
experiments.
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4.2.1 Critical concentration of liquid-to-solid transition
Figure 4.9 depicts  the  viscosity-concentration plots  of  NaCn suspensions  for  different 
cross-linking  times at  30 °C.  Similar  to  studies  of  other  researchers,  η0 first  increased 
slightly with concentration (η0  c), which was followed by a steep increase. Cross-linking 
barely  affected  the  viscosity  at  low  concentrations  (c ≤ 70 g·kg-1),  indicating  that  the 
apparent molar mass remained rather constant because cross-links were predominantly 
formed within distinct casein particles, which is consistent with findings of de Kruif et al. 
(2015a) for β-casein suspensions.  At  higher concentrations,  however,  different  η0 were 
observed at the same concentration.
Figure 4.9 also illustrates that suspensions at higher concentrations showed viscoelastic 
properties, indicating a liquid-to-solid transition induced by the concentration increase. 
The  models  that  were  used  previously  to  describe  the  viscosity  as  a  function  of 
concentration were not completely  suitable for NaCn suspensions because  η0 did  not 
diverge  but  increased  steadily  with  increasing  concentration  (Farrer  &  Lips,  1999; 
Pitkowski et al., 2008). In this study, a different characteristic concentration was used for 
the comparison of the samples. The critical concentration of liquid-to-solid transition cLST 
(g·kg-1)  was  defined  as  the  concentration  at  which  the  dynamic  moduli  became 
measurable in oscillatory shear rheometry while viscoelastic effects such as overshoots 
still could not be noticed in the viscosity curves obtained from steady shear rheometry. If 
no such concentration could be identified, cLST is given as the region between the highest 
concentration  with  purely  liquid  flow  properties  and  the  lowest  concentration  with 
viscoelastic  properties  (see  Figure  4.9).  The  advantage  of  cLST over  the  characteristic
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Figure 4.9: Zero-shear viscosity η0 (circles) and dynamic moduli at 1 rad·s-1 (G', full squares; G'', open 
squares) of sodium caseinate suspensions as a function of concentration at 30 °C. Sodium caseinate at 
50 g·kg-1 was cross-linked for 0, 3 and 24 h using 3 U microbial transglutaminase (mTGase) per g protein 
(40 °C) and subsequently freeze-dried and redissolved. Dashed lines indicate critical concentration of 
liquid-to-solid transition; dotted lines indicate concentration region of liquid-to-solid transition.
Reproduced from Raak et al. (-) Food Hydrocolloids, under revision.
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Table 4.1: Critical concentration of liquid-to-solid transition of sodium caseinate suspensions as 
a function of temperature and cross-linking with 3 U microbial transglutaminase per g protein at 
40 °C*. Reproduced from Raak et al. (-) Food Hydrocolloids, under revision.
Incubation Critical concentration (g·kg-1)
time (h) 10 °C 20 °C 30 °C 40 °C
00
03
24
160
120 – 140
200
160
140
200 – 250
200 – 250
160
250
200 – 250
200
250
*Sodium caseinate at 50 g·kg-1 was cross-linked and subsequently freeze-dried and redissolved.
concentrations that were previously obtained by modelling of the viscosity-concentration 
plots (e.g.,  Equations 1.3 and 1.7) is that it reflects both the onset of the steep viscosity 
increase  and  its  slope.  At  30 °C,  for  instance,  the  scaling  at  high  concentrations  was 
η0  c12, η0  c20 and η0  c16 for NaCn cross-linked for 0, 3 and 24 h, respectively, while the 
onset of the viscosity increase was similar for 0 and 3 h but at higher concentration for 
24 h incubated NaCn.
Table 4.1 summarises cLST as a function of temperature and incubation time. A decrease in 
temperature decreased cLST of all samples. A similar trend was reported by Pitkowski et al. 
(2008) and Thomar et al. (2012) for uncross-linked NaCn using the critical concentration cc 
obtained from Equation 1.7 and was attributed to an increased effective volume fraction 
of the casein particles. However, the meaning of the effective volume fraction and the 
mechanism of its temperature dependence are still  not fully elucidated. de Kruif et al. 
(2015a, b) suggested that a temperature decrease enhanced interactions with the solvent 
and caused swelling of the casein particles, while Pitkowski et al. (2008), referring to data 
of HadjSadok et  al.  (2008),  argued that the actual  volume fraction  Φ changed only by 
< 10 % between 10 and 90 °C due to temperature-dependent association phenomena. 
Thomar et al. (2012) proposed that the repulsion between the particles decreases with 
decreasing temperature, leading to increased interpenetration and higher friction. These 
authors also suggested that hydrogen bonds between the particles might be involved at 
lower temperatures.
At 40 °C, i.e., the incubation temperature, cLST was relatively similar for all incubation times 
(200 – 250 g·kg-1), indicating that the effective volume fraction was only slightly changed 
during mTGase treatment. Decreasing the temperature to 10 °C resulted only in a slight 
decrease in cLST of the 24 h sample, while 3 h incubated NaCn clearly showed the lowest 
value  at  all  temperatures.  Excessive  cross-linking  of  casein  particles  possibly  limited 
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conformational  changes  such  as  swelling  or  dissociation.  Therefore,  the  effect  of 
temperature on the effective volume fraction was low for the 24 h incubated NaCn. On 
the other hand, swelling of casein particles cross-linked for 3 h might be similar or even 
lower compared to uncross-linked NaCn. Therefore, the lower  cLST was rather a result of 
higher friction between the particles as cross-linked casein particles are more difficult to 
deform under  applied  stress.  Overall,  these  findings are  in  good agreement  with the 
results presented in Section 4.1, where the loose and open structure of casein particles 
cross-linked for  ≤ 3 h was considered to result  in a  higher interaction potential  and a 
lower mobility in acid-induced gel networks.
4.2.2 Liquid state characteristics
Figure  4.10a exemplarily  shows  the  shear  rate  dependence  of  the  viscosity  of 
suspensions  of  uncross-linked  NaCn  with  different  concentrations.  As  reported  in 
previous studies (Loveday et  a.,  2010; Pitkowski  et al.,  2008),  the suspensions showed 
shear thinning behaviour at higher concentrations. The viscosity curves were modelled 
using  Equation  1.8 to  obtain  the  characteristic  shear  rate  c (Panouillé  et  al.,  2005b; 
Pitkowski  et  al.,  2008);  the  estimated values for  η0 were in  good agreement  with  the 
experimental data. Master curves were generated by reducing  η and   of the viscosity 
curves to the characteristic parameters from Equation 1.8, i.e., η0 and c, and indicate that 
the shear thinning behaviour was qualitatively similar for all samples and independent of 
concentration and enzymatic cross-linking (Figure 4.10b).
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Figure 4.10: (a) Viscosity curves and (b) master curves of 10 (inverse triangles), 95 (regular triangles), 
160 (circles), 200 (squares) and 250 g·kg-1 (rhombs) sodium caseinate suspensions at 30 °C. Sodium 
caseinate at 50 g·kg-1 was cross-linked for 0 (white symbols), 3 (grey symbols) and 24 h (black symbols) 
using 3 U microbial transglutaminase per g protein (40 °C) and subsequently freeze-dried and 
redissolved. Master curves were obtained by reducing viscosity η and shear rate  to the zero-shear 
viscosity η0 and the characteristic shear rate c, respectively, that were estimated using Equation 1.8.
Reproduced from Raak et al. (-) Food Hydrocolloids, under revision.
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Figure 4.11 depicts the relationship between  η0 and  c for all samples and at different 
temperatures. Similar to other studies (Panouillé et al., 2005b, Pitkowski et al., 2008),  η0 
was inversely proportional to c and no effect of temperature could be noticed. However, 
the cross-linked samples showed lower c than uncross-linked NaCn suspensions with the 
same η0. The data were fitted to obtain the proportionality constants for each sample (i.e., 
c · η0 = const.), and Equation 1.9 for the diffusion time tD reveals tD · η0-1  Rh3. Therefore, 
Rh could  be  roughly  estimated  under  the  assumption  that  tD · c = 1  (Panouillé  et  al., 
2005b; Pitkowski et al., 2008), resulting in Rh ~ 5 nm for uncross-linked NaCn and ~ 8 nm 
for the cross-linked samples. The latter is in good agreement with recent DLS studies that 
gave Rh ~ 7 nm for both cross-linked and uncross-linked NaCn, each at 25 and 40 °C3. It 
was also shown in Section 4.1.1 and by Abbate et al. (2019) that Rh of Cn-PB was barely 
affected by cross-linking with mTGase. On the other hand, the lower Rh that was estimated 
for uncross-linked NaCn with the present approach was a mathematical consequence of 
the higher proportionality constant between  η0 and  c. This, however, could also result 
from  a  different  rheological  behaviour  instead  of  different  sizes.  Shear  thinning  was 
expected  to  be  less  pronounced  at  lower  deformability  of  casein  particles,  as  it  was 
observed for acrylamide-based microgel particles in diluted suspensions (c < cc) (Omari et 
al., 2006). For concentrated suspensions (c > cc), however, Omari et al. (2006) observed a 
more  pronounced  shear  thinning  with  increasing  internal  cross-linking  of  microgel 
particles.  This  was  attributed  to  reduced  particle-particle  interpenetration  and  the 
3 Unpublished data provided by Raffaele Andrea Abbate, Leibniz-Institut für Polymerforschung Dresden e.V., 
Dresden, Germany (25.10.2018)
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Figure 4.11: Relationship between zero shear viscosity η0 and the characteristic shear rate for shear 
thinning c of sodium caseinate suspensions with concentrations of 95 – 250 g·kg-1. Values were 
determined by modelling the viscosity curves using Equation 1.8; lines are fits with slope –1. Sodium 
caseinate at 50 g·kg-1 was cross-linked for 0 (white symbols, dotted line), 3 (grey symbols, dashed line) 
and 24 h (black symbols, full line) using 3 U microbial transglutaminase per g protein (40 °C) and 
subsequently freeze-dried and redissolved. Measurements were performed at 10 (circles), 20 (squares), 
30 (rhombs) and 40 °C (triangles).
Reproduced from Raak et al. (-) Food Hydrocolloids, under revision.
4.2 Concentration-triggered liquid-to-solid transition of sodium caseinate 79
 
associated  higher  viscous  dissipation  within  the  available  contact  zones.  It  might  be 
speculated that the difference between the shear thinning of suspensions of 3 and 24 h 
incubated NaCn resulted from the compensation of two opposite effects: (1) increased 
shear  thinning  because  of  further  reduced  particle-particle  interpenetration,  and  (2) 
reduced shear thinning because of further decreased deformability of the particles.
4.2.3 Solid state characteristics
Suspensions at high concentrations were characterised by frequency sweeps. As reported 
previously (de Kruif et al., 2015a; Pitkowski et al., 2008; Thomar et al., 2012, 2013), the  
mechanical  spectra  of  suspensions  of  uncross-linked  NaCn  that  were  determined  at 
different temperatures (5 – 40 °C) could be superimposed by horizontal and vertical shifts, 
i.e., using TTS. Figure 4.12 illustrates exemplarily the shift factors aT and bT and the master 
curve of a 250 g·kg-1 NaCn suspension at a reference temperature of 30 °C. The frequency 
dependence of the suspension was in agreement with previous studies (e.g., Bouchoux et 
al., 2009; Pitkowski et al., 2008; Thomar et al., 2012) and showed a cross-over of G' and G''  
at a particular frequency  ωc while G' did not reach a plateau within the frequency and 
temperature range studied.
As done by Thomar et al. (2012, 2013, 2014), two parameters were derived from master 
curves that were generated for different reference temperatures: the reciprocal of the 
cross-over frequency, referred to as terminal relaxation time ωc-1, and the high frequency 
elastic shear modulus Gel, which was estimated as ten times G' at the cross-over. Thomar 
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Reproduced from Raak et al. (-) Food Hydrocolloids, under revision.
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et al. (2012) explained that, despite the choice for estimating Gel was arbitrary, it allowed 
for comparing the samples since vertical shift factors were rather low.
Figure 4.13 illustrates the dependence of ωc-1 and Gel on concentration and temperature. 
For suspensions of uncross-linked NaCn, ωc-1 increased with increasing concentration and 
decreasing temperature, while Gel was barely affected by concentration but increased with 
increasing  temperature.  Furthermore,  the  dependence  of  ωc-1 on  concentration  was 
weaker at higher temperatures. These results are in agreement with Thomar et al. (2012),  
who  explained  that  a  decrease  in  temperature  increases  the  relaxation  time  as  a 
consequence of increased interpenetration and friction between the particles, while Gel is 
lower since particles are easier to deform as a result of a decreased density.
As  concerns  suspensions  of  cross-linked  NaCn,  the  evaluation  of  the  frequency 
dependence  was  more  complicated  because  TTS  was  applicable  only  at  higher 
temperatures at  which the suspensions exhibited predominantly  liquid-like behaviour. 
This indicates that a decrease in temperature resulted in a true phase transition and thus 
in  a  substantial  change  of  the  rheological  properties  of  the  suspensions,  which  was 
confirmed  by  the  frequency  dependence  of  tan δ (Figure  4.14). For  suspensions  of 
uncross-linked  NaCn,  tan δ decreased  with  increasing  oscillation  frequency  at  all 
temperatures.  In  the  case  of  cross-linked  NaCn,  this  was  only  valid  at  elevated 
temperatures, whereas tan δ increased with increasing frequency at lower temperatures. 
Therefore, tan δ became independent on frequency at a particular temperature, which is 
generally acknowledged to be the gel point (Holly et al., 1988; Winter & Chambon, 1986). 
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Figure 4.13: (a) Terminal relaxation time ωc-1 and (b) high frequency elastic shear modulus Gel of sodium 
caseinate suspensions as a function of concentration at 5 (inverse triangles), 10 (circles), 20 (squares), 
30 (rhombs) and 40 °C (regular triangles). Sodium caseinate at 50 g·kg-1 was cross-linked for 
0 (white symbols) and 3 h (grey symbols) using 3 U microbial transglutaminase per g protein (40 °C) and 
subsequently freeze-dried and redissolved. Dotted lines are a guide for the eye.
Reproduced from Raak et al. (-) Food Hydrocolloids, under revision.
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For the examples shown in Figure 4.14, this temperature was between 20 and 30 °C for 
3 h incubated NaCn and around 30 °C for the 24 h sample. Accordingly, master curves for 
the 3 h sample could be generated at reference temperatures of 30 and 40 °C. In contrast, 
only  the mechanical  spectra  at  40 °C  could be used for  24 h  incubated NaCn,  which, 
however, did not show a cross-over of G' and G''.
Figure 4.13 shows as well  ωc-1 and  Gel of suspensions of 3 h incubated NaCn at 30 and 
40 °C.  The dependence on temperature and concentration was equivalent to uncross-
linked NaCn, however, the absolute values of ωc-1 were higher compared to the respective 
reference suspensions. According to Thomar et al. (2012, 2013),  ωc-1 refers to the “time 
needed for  the  particles  to  escape  the  cage formed by  their  neighbours”.  The  major 
difference between casein particles cross-linked for 3 h and uncross-linked ones might be 
that the latter were more deformable. Pitkowski et al. (2008) compared particles in NaCn 
suspensions  to  micelles  of  associating  polymers.  For  these,  stress  relaxation  was 
explained by hopping of individual micelles from one position into a void, or, in the case 
of highly concentrated suspensions, by creeping of micelles into free spaces (Semenov et 
al., 1995). Especially the latter mechanism, which possibly applies to NaCn suspensions 
above close packing,  requires a  considerable deformation of  the particles  and is  thus 
much easier accomplished by uncross-linked NaCn particles. This assumption apparently 
contradicts with  Gel of cross-linked NaCn being lower than that of uncross-linked NaCn 
(see Figure 4.13). However, this is most likely an artefact from the arbitrary definition of 
Gel as ten times the value of G' at ωc (Thomar et al., 2012, 2013, 2014) since this cross-over 
occurred at lower frequencies for suspensions of cross-linked NaCn. In fact, the dynamic 
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Figure 4.14: Frequency dependence of the loss factor tan δ of sodium caseinate suspensions as a 
function of temperature. Sodium caseinate at 50 g·kg-1 was cross-linked for 0, 3 and 24 h using 
3 U microbial transglutaminase per g protein (40 °C) and subsequently freeze-dried and redissolved at 
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Reproduced from Raak et al. (-) Food Hydrocolloids, under revision.
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moduli at a particular frequency were lower in the case of uncross-linked NaCn (data not 
shown). This suggests that, unlike the viscosity curves (see Figure 4.10b), the mechanical 
spectra of suspensions of cross-linked and uncross-linked NaCn cannot be superimposed. 
This was confirmed by illustrating the frequency sweeps as phase angle δ against complex 
modulus  G* (Figure 4.15),  which was reported to be a good measure for verifying the 
superposition of mechanical spectra (van Gurp & Palmen, 1998). For each sample, the 
mechanical spectra obtained at different concentrations merged into a single curve, while 
temperature  variations  shifted  the  master  curves  along  the  G*-axis  because  of  the 
necessity of vertical shift factors (see Figure 4.12a). In general,  δ showed a minimum at 
high  G* and  increased  with  decreasing  G* until  reaching  a  plateau  at  90°,  which 
corresponded to  the viscous  region of  a  typical  master  curve (see  Figure 4.12b).  For 
suspensions of cross-linked NaCn, the onset of the increase in δ was shifted to lower G*, 
indicating a slower relaxation, which is in agreement with the increased values of ωc-1 (see 
Figure 4.13a). Interestingly, suspensions of 3 and 24 h cross-linked NaCn were similar at 
40 °C, indicating that also  ωc-1 did not further increase with cross-linking for more than 
3 h. However, this needs to be proven in future studies. At 30 °C, the phase transition of 
the 24 h sample became visible from δ barely varying over G*. It should be noted that the 
phase transition temperatures  of  the  two cross-linked samples (see also  Figure 4.14) 
cannot  be  directly  compared  because  the  24 h  sample  was  investigated  at  a  higher 
concentration (250 g·kg-1). The respective suspension of the 3 h incubated NaCn, however, 
could not be measured in shear rheometry since it was too stiff to be transferred into the 
geometry  over  the  entire  temperature  range  studied,  indicating  a  phase  transition 
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Figure 4.15: Relationship between phase angle δ and complex modulus G* of suspensions with 
160 (circles), 200 (squares) and 250 g·kg-1 sodium caseinate (rhombs) at different temperatures. Sodium 
caseinate at 50 g·kg-1 was cross-linked for 0 (white symbols), 3 (grey symbols) and 24 h (black symbols) 
using 3 U microbial transglutaminase per g protein (40 °C) and subsequently freeze-dried and 
redissolved. Dotted lines indicate equality of storage and loss modulus (i.e., δ = 45°).
Reproduced from Raak et al. (-) Food Hydrocolloids, under revision.
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temperature higher than 40 °C. On the other hand, the 24 h sample was too viscous at 
lower concentrations for oscillatory shear measurements.
The  results  of  this  study  lead  to  the  conclusion  that  cross-linking  of  casein  particles 
increases their resistance against deformation and thus leads to a better approximation 
of hard spheres. The increase of the slope of the viscosity-concentration plot above close 
packing might rather be an approximation towards the viscosity diverging at the critical 
volume fraction Φc, and exceeding Φc thus causes a true liquid-to-solid transition towards 
gel-like  rheological  properties.  This  transition,  however,  was  only  observed  at  low 
temperatures (see  Figure 4.14), indicating that hydrogen bonds may play an additional 
role.
4.3 Effect of incubation temperature on maximum polymer size
In Section 4.1 the maximum polymer size of caseinate was dependent on the ionic milieu, 
which, however, affected also the gelation behaviour. Therefore, from these experiments 
alone  no  distinct  conclusions  could  be  drawn  on  the  effect  of  polymer  size  on  gel 
stiffness. The main objective of this study was to create casein polymers with different 
sizes by varying Tinc. In this regard, HadjSadok et al. (2008) observed a reversible increase 
in molar mass of casein particles by a factor of 2 when temperature was raised from 10 to 
60 °C.  On  the  other  hand,  Ruis  et  al.  (2007)  found  no  influence.  Assuming  that 
predominantly  molecules  within  the  same  casein  particle  are  cross-linked,  different 
maximum polymer sizes will be observed by SDS-PAGE and SEC when temperature affects 
the monomer number of the particles. An additional aim of this study was to establish 
absolute  molar  mass  determination  of  casein  polymers  by  SEC-MALS  for  reliable 
differentiation of polymer sizes independent of calibration substances. Such an approach 
was  used  previously  to  characterise  the  composition  of  different  NaCn  preparations 
(Lucey  et  al.,  2000)  and to  compare  β-casein  cross-linking  by  tyrosinase  and mTGase 
(Monogioudi et al.,  2009).  In the latter study, however,  average values were calculated 
instead of molar mass distributions and the molar mass of β-casein monomers was not 
determined experimentally.
4.3.1 Enzymatic cross-linking of sodium caseinate at different temperatures
The activity of mTGase in TRIS acetate buffer at 10 – 60 °C using Z-Gln-Gly as acyl donor 
and hydroxylamine as acyl acceptor is shown in  Figure 4.16a. Previous studies showed 
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similar  patterns for the temperature dependent activity  of  mTGase from  Streptomyces  
mobaraensis,  including an optimum at ~ 50 °C (e.g.,  Ando et  al.,  1989;  Jin et  al.,  2016; 
Zhang et al., 2012). Nevertheless, it was important to ascertain the exact activities of the  
mTGase preparation to adjust  the enzyme dosage for casein cross-linking at  different 
temperatures. For instance, the enzyme activity was 9.1 ± 0.7 and 87 ± 6 U·g-1 at 10 and 
40 °C, respectively, meaning that about ten times more enzyme had to be added at 10 °C. 
Figure 4.16b shows the mTGase activity after storing the enzyme solution for up to 24 h. 
The activity was retained completely at 30 °C, but decreased considerably during storage 
at 40 and 50 °C: after 24 h, 67 and 10 % of the initial activity was obtained, respectively. 
Eissa et al. (2004) monitored the storage stability of mTGase (pH 6.0) at 50 °C and found a 
higher residual activity after 6 h (~ 50 %). In other studies, the stability was determined 
after much shorter storage of  ≤ 30 min (e.g., Ando et al.,  1989; Menéndez et al., 2006; 
Zhang et al., 2012). NaCn was supposed to be cross-linked with mTGase for up to 48 h in 
this  study.  Therefore,  50 °C  was  not  selected  for  the  experiments  as  the  rapidly 
decreasing  enzyme  activity  would  limit  the  comparability  of  samples  with  the  same 
incubation time. On the other hand, incubation at 40 °C was included since it has been a 
standard condition in several previous studies (e.g., Anema et al., 2005; Ercili Cura et al.,  
2010; Jaros et al., 2010; Lauber et al., 2000; Macierzanka et al., 2011).
G'max of NaCn increased with increasing casein cross-linking at  Tinc = 40 °C for up to 48 h 
(Figure  4.17a).  Decreasing  Tinc resulted  in  considerably  higher  G'max in  case  of  short 
incubation periods (≤ 2 h), whereas no differences were observed after cross-linking for 
≥ 3 h. The working hypothesis suggests that mTGase predominantly acts on molecules 
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Figure 4.16: (a) Activity of microbial transglutaminase (mTGase) at different temperatures in 
demineralised water (white) and in TRIS acetate buffer (black), and (b) storage stability of mTGase in 
TRIS acetate buffer at 30 (white), 40 (grey) and 50 °C (black) expressed as residual activity in relation to 
initial activity at the respective temperature.
Reproduced from Raak et al. (2019) Food Bioscience 28, pp. 89–98.
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located  within  the  same  casein  particle  (see  Section  4.1.1),  and  that  the  particle 
conformation (i.e., monomer number, size, density) can be influenced by ionic strength, 
pH and temperature of the solution (HadjSadok et al., 2008). During acidification, these 
particles aggregate,  with internal  isopeptide bonds contributing to the stiffness of  the 
gels.  Therefore,  differences  in  G'max were  expected  after  excessive  cross-linking  of 
temperature-dependent  casein  particles  that  had  been  fixed  in  their  particular 
conformation. The results, however, indicate that temperature had no noticeable effect at 
the conditions used (i.e.,  27 g·kg-1 casein,  pH 6.6),  resulting in gel  networks with equal 
stiffness.  The  differences  after  short  incubation  (≤ 2 h)  probably  resulted  from 
experimental difficulties. Higher enzyme dosages were added at lower Tinc to compensate 
for the differences in enzyme activity.  During heat treatment for mTGase inactivation, 
however,  samples  passed  the  temperature  region  where  mTGase  is  most  active 
(40 – 50 °C) so that enzyme activity increased strongly for a short time and considerable 
cross-linking  occurred,  making  preceding  polymerisation  less  significant.  This  is  most 
apparent  at  Tinc = 10 °C  where  even  the  0 h  sample  (enzyme  added  and  immediately 
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Figure 4.17: Maximum storage modulus G'max (top) and loss factor tan δ (bottom) obtained from gelation 
curves (40 mg·g-1 glucono-δ-lactone, 30 °C) of cross-linked sodium caseinate. (a) Incubation temperature 
(Tinc) was varied between 10 (white), 20 (grey) and 40 °C (black) using 3 U microbial transglutaminase per 
g protein; 30 °C data were left out for clearness of the graph. (b) Enzyme concentration (CE) was varied 
between 6 (white), 3 (grey) and 1.5 U per g protein (black) at an incubation temperature of 30 °C; 
numbers in brackets refer to incubation times (h) with 3 U·g-1. All samples were heat treated (85 °C, 
15 min) for enzyme inactivation after pre-defined incubation times.
Reproduced from Raak et al. (2019) Food Bioscience 28, pp. 89–98.
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inactivated) had the same G'max as 1 and 2 h incubated samples. After longer incubation, 
susceptible glutamine and lysine residues are cross-linked, which slows down the reaction 
because  of  substrate  limitation  and  hence  diminishes  the  effect  of  the  temperature 
increase during heat treatment. This is supported by previous studies showing a rapid 
formation of Glu-Lys isopeptide bonds during the early stages of incubation which levels 
off over time (Jaros et al., 2014a, b; Lauber et al., 2000).
For  short  incubation  periods  (≤ 3 h),  G'max was  inversely  linearly  related  to  the 
corresponding tan δ (R² = 0.88;  Figure 4.17a, bottom) as was reported in earlier studies 
(Jaros et al., 2010; Rohm et al., 2014). As cross-linking proceeded (≥ 5 h), tan δ increased 
again, and, although no differences in  G'max were noticeable, slightly higher values were 
observed at  elevated  Tinc.  Similar  G'max might  indicate  the  same amount  of  isopeptide 
bonds (see Section 4.4.2), while higher tan δ might be attributed to a higher compactness 
of cross-linked casein particles (see  Section  4.1.2). Perhaps, temperature may not have 
affected the monomer number of the casein particles (Ruis et al., 2007), but could have 
had an impact on their density. When increased temperature forces casein particles to 
shrink because of reduced interactions with the solvent (de Kruif et al., 2015a), excessive 
cross-linking may fix the given conformation and lead to more compact particles.
To confirm the conclusions drawn from the rheological data, NaCn cross-linked at Tinc = 10 
and 30 °C for 0 – 24 h were analysed using SDS-PAGE after  inactivation of  mTGase by 
adding  urea  and  SDS  containing  sample  buffer  (Figure  4.18).  Even  though  mTGase 
Figure 4.18: Electropherogram of sodium caseinate treated with microbial transglutaminase (mTGase; 
3 U per g protein) at different incubation temperatures (Tinc) for different incubation times (tinc). Samples 
were not heat treated and mTGase was inactivated by adding urea and SDS containing sample buffer.
Reproduced from Raak et al. (2019) Food Bioscience 28, pp. 89–98.
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concentration was adjusted to equal enzyme activities at different Tinc, polymer formation 
occurred faster at  Tinc = 30 °C. This might be because the activation energy of casein for 
the  enzymatic  reaction  is  different  from  that  of  the  artificial  substrates  used  in  the 
enzyme activity assay (Folk & Cole, 1965, 1966), leading to a lower reactivity than assumed 
and thus to a slower polymerisation at 10 °C. At both Tinc, caseins were cross-linked in the 
order β-casein > αS-caseins > κ-casein as is typical for caseinates (Ercili Cura et al., 2010; 
Jaros et al., 2010). Assuming that cross-linking by mTGase occurred mainly within between 
molecules located within the same particle, different maximum polymer sizes would be 
expected  if  temperature  affected  the  monomer  number  of  casein  particles,  but  no 
difference regarding oligomer and polymer formation could be observed. Additionally, a 
shift  of  monomer bands towards lower positions would indicate intramolecular cross-
linking at low temperatures (O'Connell & de Kruif, 2003; Partanen et al., 2013), but such a 
shift was not noticeable. An additional band between monomers and dimers in samples 
incubated at 10 °C corresponded to mTGase (M ~ 40 kg·mol-1) (Partanen et al., 2013) since 
the  enzyme  was  added  at  a  much  higher  dosage  at  this  temperature.  The  results 
therefore  indicate  that  the monomer number of  casein particles  was not  affected by 
temperature, resulting in similar polymer sizes. In case of NaCn cross-linked for 24 h at 
30 °C, however, trimers and larger fractions migrated further compared to cross-linking at 
10 °C,  indicating  a  more  compact  structure  of  the  polymers.  Although  the  largest 
polymers cannot be evaluated because they did not penetrate the electrophoresis gel, the 
findings are in agreement  with the conclusions that were drawn from the rheological  
data.
Besides temperature, pH and ionic strength, protein concentration is an important factor 
driving casein association (HadjSadok et al., 2008; Pitkowski et al., 2008), which was rather 
high in this study (27 g·kg-1). Previous studies investigated casein association as a function 
of temperature at 1 – 5 g·kg-1 casein (e.g., Dauphas et al., 2005; HadjSadok et al., 2008; 
O'Connell  et  al.,  2003).  However,  additional  experiments with 5 g·kg-1 did not result  in 
temperature-dependent cross-linking of NaCn as well (data not shown4). It was decided 
not to test lower concentrations since this would complicate gelation experiments, which 
were a substantial part of the research.
In a second trial,  enzyme concentrations of 1.5, 3 and 6 U per g protein were used at 
Tinc = 30 °C (Figure 4.17b). In this case, incubation time was adjusted and rheological data 
4 see https://doi.org/10.1016/j.fbio.2019.01.016
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was plotted against  the theoretical  amount of  reaction product  nth (mmol·gProtein-1)  that 
could have been formed during this period:
n th = C E⋅t inc⋅
60
1000 (4.2)
where CE (U·gProtein-1) is the enzyme concentration, tinc (h) is the incubation time and 60/1000 
is a conversion factor. Since 1 U corresponds to 1 µmol·min-1 of reaction product released, 
nth represents the mass-related amount of isopeptide bonds that would be formed by 
mTGase  during  a  defined  incubation  period  assuming  infinite  availability  and 
susceptibility of glutamine and lysine residues. For instance, 3 U per g protein result in 
nth = 0.18, 0.72 and 4.32 mmol·gProtein-1 after tinc = 1, 4 and 24 h, respectively. A comparison 
of  these  values  with  experimentally  determined  isopeptide  contents  of  Section  4.1.1 
shows considerable discrepancies:  0.03 (1 h)  and 0.12 mmol·gProtein-1 (24 h)  are lower by 
factors  of  6  and 36,  respectively.  This  suggests  that  glutamine and lysine residues  of 
caseins are less suitable substrates for mTGase than Z-Gln-Gly and hydroxylamine and 
underlines that they become increasingly unavailable with ongoing cross-linking. This is 
supported by Dinnella et al. (2002) who observed a lower extent of casein polymerisation 
by  mTGase  in  the  presence  of  Z-Gln-Gly  despite  a  higher  number  of  blocked  lysine 
residues. The effect of solvent components on enzyme activity may also be considered: 
Kütemeyer et al. (2005) determined a higher mTGase activity in TRIS acetate buffer and in 
NaCl  than  in  demineralised  water,  which  was  the  solvent  for  NaCn.  This  could  be 
confirmed in the present study, where the differences were more pronounced at higher 
temperature (Figure 4.16a).  On the other hand, ICs of mTGase-treated NaCn and acid 
casein  in  0.1 mol·L-1 phosphate  buffer  were  shown  to  be  similar  (see  Section  4.1.1), 
suggesting that the reaction velocity of casein cross-linking by mTGase is dominated by 
substrate availability.
G'max of  NaCn cross-linked at  Tinc = 30 and 40 °C was in  good agreement  (Figure 4.17). 
Nevertheless,  slight  differences  in  G'max were  observed  after  short  incubation  periods 
(nth = 0.18 mmol·gProtein-1)  when  varying  mTGase  concentration:  higher  enzyme  dosages 
resulted  in  higher  G'max,  indicating  again  that  cross-linking  was  facilitated  during  heat 
treatment when more enzyme was added. These differences diminished with ongoing 
cross-linking, resulting in a trend that is comparable to the results from varying the Tinc. On 
the  other  hand,  gels  showed  no  differences  in  tan δ after  longer  incubation  times 
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(nth ≥ 0.72 mmol·gProtein-1),  underlining  the  effect  of  incubation  temperature  on  particle 
compactness.
4.3.2 Investigation of sodium caseinate polymers by denaturing SEC-MALS
The MALS chromatograms revealed a fraction eluting at ~ 7 – 8.5 mL which did not show a 
pronounced UV signal (Figure 4.19). Light scattering is sensitive to concentration but in 
particular  to  molar  mass,  hence  larger  analytes  cause  high  intensities  even  at  a  low 
concentration. Such a fraction was previously found in batch light scattering studies (e.g., 
HadjSadok  et  al.,  2008;  Panouillé  et  al.,  2004)  and  in  SEC-MALS  using  an  imidazole-
containing elution buffer (Lucey et al., 2000). In contrast, Monogioudi et al. (2009) used a 
similar urea-containing buffer but did not report on the occurrence of such a fraction,  
possibly because they used purified  β-casein for their experiments.  Lucey et al.  (2000) 
reported  that  average  molar  masses  of  various  NaCn preparations  as  determined  in 
batch light scattering experiments decreased from 1228 – 4746 to 335 – 575 kg·mol-1 after 
the  removal  of  a  cloudy  supernatant  by  ultracentrifugation.  This  suggests  that  the 
presence of this contaminant might also affect the molar mass determination of casein 
polymers by SEC-MALS in case of co-elution.
It was previously hypothesised that the contaminant is composed mainly of lipid residues 
with some adsorbed protein (HadjSadok et al., 2008; Panouillé et al., 2004). Therefore, it 
was considered to decrease the amount of this fraction by hydrolysis with lipase “Lipolase 
100 L”.  The peak area of the contaminant was decreased by ~ 33 and ~ 50 % through 
incubation with 10 and 100 µL·mL-1 lipase,  respectively  (see  Figure 4.19a),  but  caseins 
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Figure 4.19: Size exclusion chromatography (grey: UV signal at λ = 280 nm; black: MALS signal at θ = 90°) 
of untreated sodium caseinate (full lines) and sodium caseinate after different treatments: (a) Treatment 
with 10 (dotted lines) and 100 µL·mL-1 lipase preparation for 24 h at 30 °C. (b) Centrifugation twice for 4 h 
at 20,000 × g and 4 °C and treatment with 3 U microbial transglutaminase per g protein for 0 h at 30 °C.
Reproduced from Raak et al. (2019) Food Bioscience 28, pp. 89–98.
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were also degraded as indicated by decreased peak height and peak width of the UV 
signal  (~ 11.5 – 13.5  mL).  The  question whether  lipases  are  able  to  hydrolyse  peptide 
bonds was raised earlier: Maruyama et al. (2003) reported that,  although lipase has a 
similar  active  centre  as  a  serine  protease,  proteolytic  activity  is  unlikely  and  possible 
proteolysis is probably because most commercial lipase preparations are contaminated 
with residual proteases. Since this effect was highly unfavourable, lipase treatment was 
not considered for further experiments.
After  centrifugation  twice  for  4 h  at  20,000 × g  and  4 °C,  a  sediment  and  a  cloudy 
supernatant  were  found  and  the  actual  NaCn  solution  because  clearer  as  was  also 
reported by HadjSadok et al. (2008) and Lucey et al. (2000). After careful separation of 
NaCn from sediment and supernatant, peak area of the contaminant was found to be 
lower by ~ 45 % with no change in the casein fraction (Figure 4.19b5). Lucey et al. (2000) 
also  observed  a  decreased  peak  in  SEC-MALS  but  could  not  completely  remove  the 
contaminant, and HadjSadok et al. (2008) stated that it might contain a fraction with a 
density  similar  to  water,  making  it  impossible  to  eliminate  by  centrifugation  alone. 
Experiments were continued with double centrifuged NaCn as this was currently the best 
way to decrease the amount of contaminant.
Figure  4.20 shows  a  typical  chromatogram  of  cross-linked  NaCn from MALS  and  dRI 
detectors. Concentration sensitive UV (data not shown) and dRI detectors were in good 
agreement, providing the usual pattern of polymers eluting at first (~ 8.5 mL) followed by 
less resolved shoulders commonly considered as trimers (~ 9.5 mL) and dimers (~ 21 mL) 
5 Please note that the sample shown is after 0 h of mTGase treatment (dotted lines) so that minimal polymerisation 
occurred. The area under the curve of the UV signal was identical to the reference (full lines).
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Figure 4.20: Size exclusion chromatography (greyline: dRI signal at λ = 633 nm; black line: MALS signal at 
θ = 90°) and estimated molar mass distribution (symbols) of sodium caseinate cross-linked with 
3 U microbial transglutaminase per g protein at 30 °C for 1 h. Sample was not heat treated and mTGase 
was inactivated by adding urea containing elution buffer.
Reproduced from Raak et al. (2019) Food Bioscience 28, pp. 89–98.
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and finally a distinct peak for monomeric caseins (~ 12.5 mL). Further UV chromatograms 
that illustrate decreasing monomer and increasing polymer peaks with ongoing cross-
linking  were  shown  in  Figure  4.2.  The  MALS  detector  again  revealed  a  peak  for  the 
contaminant  (~ 7.5 mL)  that  overlapped  with  casein  polymers;  smaller  fractions  were 
barely detected because of the limit of SLS towards smaller molecules. Monogioudi et al.  
(2009)  who  used  SEC-MALS  with  comparable  conditions  did  not  show  MALS 
chromatograms, and Lucey et al. (2000) used a different elution buffer that allowed casein 
association  so  that  peaks  in  MALS  chromatograms  mainly  to  casein  particles  and 
aggregates of larger sizes. Therefore, a contaminant peak in denaturing SEC-MALS was 
observed for the first time.
Figure 4.20 also depicts the molar mass distribution of the NaCn sample as estimated 
from MALS and dRI signals. The plot shows a molar mass decrease with elution volume 
which  is  interrupted  by  deviations  from  this  tendency  at  low  concentration  signals 
between the main fractions at  ~ 10,  ~ 11.5 and > 13 mL.  Figure 4.21 shows the molar 
masses of casein monomers (~ 12.5 mL in Figure 4.20) as estimated on the basis of both 
UV and dRI signals plotted against the corresponding peak maxima of the chromatograms 
obtained  after  different  incubation  periods.  Estimated  molar  mass  was  in  good 
agreement  with  the  theoretical  value  (~ 24 kg·mol-1)  when  the  concentration  was 
sufficiently high as it was for 0 h incubated NaCn. With ongoing casein cross-linking and 
decreasing  monomer  peak  intensity,  however,  estimated  molar  masses  increased 
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3 U microbial transglutaminase per g protein at 10 (open symbols) and 30 °C (closed symbols) for 
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Reproduced from Raak et al. (2019) Food Bioscience 28, pp. 89–98.
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considerably. Incubation with mTGase did not change the appearance of the monomer 
fraction in SDS-PAGE (see Figure 4.18) and SEC (see Figure 4.2), so that the formation of 
compact high molar mass casein polymers that co-elute with monomers was unlikely.  
This suggested that low concentration signals misrepresent molar mass determinations of 
small molecules that hardly provide light scattering signals. Furthermore, overestimation 
of molar mass of dimers (i.e., ~ 200 kg·mol-1 instead of ~ 40 – 50 kg·mol-1) resulted from 
the co-elution with larger polymers.
Figure 4.22 compares peak shapes and estimated molar mass distributions of polymer 
fractions after cross-linking of NaCn for 3, 5 and 24 h. Similar to SDS-PAGE (see Section 
4.3.1), SEC showed a faster polymerisation at Tinc = 30 than at 10 °C. Cross-linking for ≥ 3 h 
at 30 °C resulted in only slight changes of the polymer peak shape. Additionally, cross-
linking for 24 h resulted in a similar shape of the polymer peak at both Tinc = 10 and 30 °C. 
(see insert to Figure 4.22), indicating similar maximum polymer sizes. On the other hand, 
the polymer peak of NaCn incubated at 30 °C was broader, confirming the conclusions 
from SDS-PAGE that casein particles are more compact and appear smaller after excessive 
cross-linking at elevated temperatures. Qualitative evaluations are supported by similar 
molar  mass  distributions  of  all  samples.  Regardless  of  Tinc,  estimated  molar  mass  of 
polymers that eluted at the peak maximum (~ 8.6 mL) was ~ 400 and ~ 450 kg·mol-1 after 
5 and 24 h, respectively, indicating that prolonged incubation resulted in an increase in 
polymer  concentration  and  an  incorporation  of  remaining  monomers  rather  than 
intermolecular cross-linking of polymers. The calculated molar masses of the polymers 
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peaks after 24 h of cross-linking at 10 (grey lines) and 30 °C (black lines).
Reproduced from Raak et al. (2019) Food Bioscience 28, pp. 89–98.
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suggest a monomer number of ~ 16 – 20, which is higher than expected from previous 
studies  on  casein  association  in  NaCn.  For  instance,  molecular  modelling  resulted  in 
casein particles consisting of four β-casein, four αS1-casein and one κ-casein or αS2-casein 
molecules (Farrell Jr. et al., 2013; Kumosinski et al., 1994), which is in good agreement with 
the αS1 : αS2 : β : κ ratio found in bovine milk (~4:1:3.5:1.5; see  Table 1.1). Huppertz et al. 
(2017) later suggested that αS2-casein containing casein particles may be present in much 
higher  numbers since  κ-casein tends  to self-association and particles  might  therefore 
contain more than one molecule. These findings imply a monomer number of 9 – 11 and 
a  molar  mass  of  ~ 200 – 250 kg·mol-1 for  casein  particles,  which  is  in  line  with  the 
experimental data of HadjSadok et al. (2008). Considering that molar masses of 103 up to 
> 105 kg·mol-1 were  calculated  for  the  contaminant  (see  Figure  4.20),  co-elution  likely 
resulted  in  overestimation of  the molar  mass of  casein  polymers.  This  is  additionally  
supported by the fact dimers and small oligomers were still present in after 24 h of cross-
linking (see Figure 4.18), indicating that maximum polymer size is actually lower than the 
monomer number of the casein particles.
The reliability of molar mass determinations might be increased once the contaminant is 
removed.  (Ultra-)centrifugation  was  previously  discussed  to  be  of  limited  suitability 
because of a fraction with a density similar to water (HadjSadok et al., 2008). Assuming 
that this fraction consists of fat residues,  extraction with organic solvents might work. 
Another  possibility  is  the  separation  of  contaminant  and  casein  monomers  using 
preparative SEC prior to cross-linking, but this requires a proper recovery from the elution 
buffer. If the contaminant cannot be removed, a SEC column with broader fractionation 
range could enable its  separation from casein polymers,  but  this  would decrease the 
separation efficiency for smaller oligomers. The application of FFF complementary to SEC 
might  be the most  promising  way to investigate  cross-linked casein as  it  permits the 
separation of  contaminant  and caseins  even with  native  conditions,  i.e.,  without  urea 
(Abbate et al., 2019).
4.4 The role of isopeptide bonds for caseinate gel properties
In Section 4.1.2 it was hypothesised that the ongoing incorporation of isopeptide bonds 
to casein particles continuously increased  G'max of acid gels from NaCn. This is in good 
agreement with results from a previous study in which curves of G'max against isopeptide 
content were almost identical for mixtures from Cn-PB cross-linked for up to 3 h with the 
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uncross-linked reference although they differed in polymer composition as indicated by 
SEC (Jaros et al., 2014a, b). However, the mixtures were prepared to have identical PDs 
instead  of  identical  ICs  and  the  gelation  measurements  were  conducted  only  at  one 
particular acidification condition and without any further rheological characterisation of 
the  gels.  In  previous  studies,  temperature  and acidification rate  affected the  gelation 
properties of caseins dependent on the extent of cross-linking. For instance, stiffness of 
uncross-linked caseinate gels was higher at 20 °C than at 30 °C, but the opposite was 
observed  for  cross-linked  caseinate  gels  (Myllärinen  et  al.,  2007;  Rohm  et  al.,  2014). 
Furthermore,  strain  sweeps  performed  subsequently  to  gelation  revealed  strain 
hardening,  which  was  less  pronounced  after  longer  casein  cross-linking  (Rohm  et  al., 
2014).
This study expands on previous investigations (Jaros et al., 2014a, b; Rohm et al., 2014) by 
considering  additional  experiments  in  which  gelation  temperature  and  acidulant 
concentration were systematically varied. For this, samples with identical IC were created 
by  blending  differently  cross-linked  Cn-PB  with  an  uncross-linked  reference,  and 
rheological assessment at small and large deformation was performed on the gels made 
thereof.
4.4.1 Composition of casein mixtures with identical isopeptide contents
Table 4.2 summarises IC, monomer, dimer and polymer contents as well as the PD of the 
uncross-linked reference (0 h) and Cn-PB after cross-linking with mTGase (incubation time 
will further serve as sample coding). IC, polymer content and PD continuously increased 
with incubation time, monomer content decreased, and dimer content showed highest 
values after 1 and 2 h of incubation. Although different batches of acid casein powder and 
mTGase were used, both IC and PD are in agreement with data from a previous study 
(Jaros et al., 2014a, b). The data in Table 4.2 illustrate the idea behind the sample set-up. 
IC after 1 h incubation was 4.6 mg·g-1, and the same IC was obtained, e.g., by mixing the 
4 h and the 0 h samples in a ratio of 4:6, or by mixing the 8 h and the 0 h samples in a 
ratio  of  3:7  (see  also  Figure  4.23).  However,  the  PDs  of  the  respective  samples  was 
different, namely 49.4, 39.3 and 34 %, respectively.
Figure 4.23 shows the monomer, dimer and polymer contents of Cn-PB mixtures adjusted 
to different target ICs. The right-handed end point of each curve corresponds to the ICs 
given in Table 4.2 for the respective incubation times. Because the dimer content reached 
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Table 4.2: Effect of incubation time on isopeptide bond formation and polymerisation of casein 
in 0.1 mol·L-1 phosphate buffer treated with 3 U microbial transglutaminase per g protein at 
40 °C. Reproduced from Raak et al. (2017) International Dairy Journal 66, pp. 49–55.
Incubation 
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08.0
06.2
03.6
02.9
00.8
25.4
49.5
65.3
76.1
81.1
86.4
88.2
09.5
49.4
68.0
77.7
84.1
87.3
90.0
91.1
0
25
50
75
100
M
on
om
er
Co
nt
en
t
(%
)
0
25
50
75
100
D
im
er
Co
nt
en
t
(%
)
0
25
50
75
100
Po
ly
m
er
Co
nt
en
t
(%
)
0 4 8 12 16
Isopeptide Content (mg·g )-1
1 h
3 h
4 h 5 h 8 h
0 h
IC = 4.6 mg·g-1
Figure 4.23: Monomer (top), dimer (middle) and polymer contents (bottom) relative to total protein as a 
function of the isopeptide content of casein in 0.1 mol·L-1 phosphate buffer. Samples were obtained by 
blending the uncross-linked reference (0 h) with casein solutions that were treated with 3 U microbial 
transglutaminase per g protein at 40 °C for 1 (white squares), 3 (white circles), 4 (grey circles), 
5 (black circles) and 8 h (black squares). The last point in each curve represents the pure cross-linked 
casein. Casein cross-linked for 2 and 7 h and mixtures thereof were left out for clearness of the graphs.
Reproduced from Raak et al. (2017) International Dairy Journal 66, pp. 49–55.
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a maximum after 1 h of incubation, this sample and its mixtures had higher dimer but 
lower  polymer contents  than the other  samples at  an identical  IC.  Jaros et  al.  (2010) 
additionally identified a trimer fraction that also showed its highest concentration after 
the  same  mTGase  treatment  for  ~ 1 h.  It  is  therefore  likely  that  polymers  in  the  1 h 
incubated sample and its mixture were generally smaller. The PD showed a steep rise 
until 4 h of incubation (PD ~ 84 %), but the IC increased continuously further (Table 4.2), 
indicating that cross-links were formed within existing polymers, i.e., within distinct casein 
particles. It was therefore assumed that mixtures with a similar IC contained larger and/or 
more  cross-linked  polymers  in  case  longer  incubated  Cn-PB  was  used  for  mixing. 
However,  these  mixtures  exhibited  lower  PDs  because  higher  proportions  of  the 
reference (mainly monomers) was needed to adjust the target ICs.
4.4.2 Gel stiffness of casein mixtures
Figure  4.24 displays  G'max of  the  gels  obtained  at  different  acidification  conditions. 
Mixtures from the 3 to 8 h incubated Cn-PB with the reference showed similar G'max at the 
same IC after gelation at 20 and 40 °C (only performed with 40 mg·g-1 GDL), whereas the 1 
and  2 h  incubated  samples  had  lower  G'max independent  of  temperature  and  GDL 
concentration.  A similar  trend can be noticed in  the results  of  Jaros et  al.  (2014a,  b), 
however,  the  difference  was  considered  to  be  negligible  in  this  study.  At  a  gelation 
temperature of 30 °C, mixtures from 3, 4 and 5 h incubated Cn-PB with the reference can 
be clearly distinguished from the corresponding mixtures from the 7 and 8 h incubated 
samples,  and  this  difference  was  not  affected  by  the  acidification  rate  as  the  same 
tendency  was  also  obtained  at  35  and  45 mg·g-1 GDL.  This  implies  that  differences 
between mixtures with the same IC are rather connected to other temperature driven 
effects than its impact on acidification rate.
It  was  previously  suggested that  especially  casein  dimers  and trimers  act  as  gelation 
nuclei that facilitate a proper arrangement of casein monomers during gelation (Jacob et 
al., 2011; Jaros et al., 2010). In this study, however, mixtures prepared from the 1 and 2 h 
incubated Cn-PB with the reference had the lowest G'max at a particular IC although higher 
amounts of dimers (and probably dimers) were present, whereas mixtures prepared from 
Cn-PB incubated for > 2 h had the highest G'max although they consisted of mainly larger 
polymers  (see  Figure  4.23). This  suggests  that  a  particular  polymerisation  degree 
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(~ 85 – 90 %) and also a specific size of the polymers is needed for the formation of a gel  
network with high G'max.
As shown in  Section  4.1.1, mainly casein molecules within distinct casein particles are 
cross-linked by mTGase (see  Figure 4.3). This likely affected conformational changes of 
the particles induced by temperature. For gelation conducted at 40 °C (i.e., the incubation 
temperature), no temperature-induced changes in particle conformation were expected. 
Therefore, the cross-links could directly contribute to gel stiffness, resulting in an increase 
of  G'max with  IC  for  incubation times of  up to  8 h.  The highest  G'max was shifted from 
IC ~ 16 mg·g-1 at 40 °C to ~ 12 mg·g-1 at 30 °C (independent of GDL concentration) and to 
~ 11 mg·g-1 at 20 °C (see Figure 4.24). HadjSadok et al. (2008) reported that the number of 
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Figure 4.24: Maximum stiffness G'max of acid-induced gels prepared from casein in 0.1 mol·L-1 phosphate 
buffer as a function of the isopeptide content. Samples were obtained by blending the uncross-linked 
reference (0 h) with casein solutions that were treated with 3 U microbial transglutaminase per g protein 
at 40 °C for 1 (white squares), 3 (white circles), 4 (grey circles), 5 (black circles) and 8 h (black squares). 
The last point in each curve represents the pure cross-linked casein. Gelation temperature (T) and 
concentration of glucono-δ-lactone (GDL) were varied as indicated. Casein cross-linked for 2 and 7 h and 
mixtures thereof were left out for clearness of the graphs.
Reproduced from Raak et al. (2017) International Dairy Journal 66, pp. 49–55.
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casein monomers per particle decreased with lowering the temperature from 50 to 10 °C 
as a consequence of reduced hydrophobic attraction. This suggests that the shift of the 
highest  G'max might result from a dissociation of monomers, dimers and maybe trimers 
from the cross-linked casein particles, which could then support the gel formation by their 
more flexible incorporation into the network. However, the results discussed in  Section 
4.3 indicated that temperature did not affect the monomer number of casein particles at 
the protein concentration used in this study, but rather their density. A decrease from an 
incubation temperature of 40 °C to a gelation temperature of 30 °C reduces hydrophobic 
attraction between casein molecules within distinct particles (de Kruif et al., 2015b; Lucey 
et al., 1997), which might cause a loosening and therefore an increase in the apparent 
volume  of  casein  particles.  As  long  as  these  conformational  changes  were  not 
considerably restricted because of excessive cross-linking, this might result in enlarged 
contact area and an enhanced interaction potential of the particles and thus in a higher 
G'max. The results suggest that the loosening of casein particles was similar in 3, 4 and 5 h 
incubated  Cn-PB  and  mixtures  thereof,  resulting  in  a  similar  G'max at  identical  IC.  In 
contrast, conformational changes were probably restricted after incubation for 7 and 8 h, 
therefore decreasing the interaction potential of the particles as well as  G'max. At 20 °C, 
hydrophobic interactions are weaker, but the strength of hydrogen bonds is increased 
(Panouillé et al., 2005a; Ringgenberg et al., 2013; Thomar et al., 2012). When electrostatic 
repulsions are diminished by acidification, hydrogen bonds facilitate interactions between 
the  hydrophilic  molecule  parts  located on the  surface  of  the  casein  particles.  Hence, 
conformational changes of cross-linked casein particles would be less important, resulting 
in similar G'max of mixtures from 3 – 8 h incubated Cn-PB with the reference at identical IC. 
Additionally, the differences between the reference gels and cross-linked samples were 
much lower at 20 °C (ΔG'max ~ 100 Pa) compared to 30 °C (ΔG'max ~ 185 Pa at 40 mg·g-1 GDL) 
and 40 °C (ΔG'max ~ 150 Pa), underlining the particular effects of uncross-linked caseins in 
the mixtures.  For  instance,  Cn-PB incubated for  8 h  had an IC  of  ~ 16 mg·g-1 and the 
lowest monomer content, and G'max was lower than that of samples and mixtures with ICs 
between 9 and 13 mg·g-1 which,  however,  contained higher amounts of uncross-linked 
caseins. A similar tendency was observed previously for gelation at 30 °C (Jaros et al., 
2014a, b).
The conformational changes of uncross-linked and cross-linked casein particles induced 
by temperature changes and during gelation are still not fully explored. However, it seems 
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evident  that  the  particles  do  not  maintain  their  initial  shape  because  no  universal 
correlation between G'max and IC for all gelation temperatures was found.
4.4.3 Large deformation properties of gels from casein mixtures
As  reported  previously  (Rohm  et  al.,  2014),  Cn-PB  gels  showed  pronounced  strain 
hardening, which was manifested by an increase of  G' with increasing strain amplitude 
between the linear viscoelastic region and fracture (Figure 4.25). For comparison of the 
samples, the overshoot factor was calculated from the ratio of peak value G'OS to plateau 
value of the curves G'0 (Gisler et al., 1999). Although gels from Cn-PB mixtures with similar 
G'max showed also similar gelation curves in small amplitude oscillatory shear (data not 
shown6), they differed clearly in their large deformation properties. Figure 4.26 shows the 
overshoot factors of the gels (from pure and mixed Cn-PB) as a function of their IC. With 
some  limitations,  the  pure  cross-linked  Cn-PB  (last  point  of  each  curve)  showed  a 
decreasing  overshoot  factor  with  increasing  cross-linking,  which  is  consistent  with 
previous results (Rohm et al., 2014). In contrast, Ercili-Cura et al. (2013) observed strain 
hardening  only  for  acid-induced gels  from mTGase-treated skim milk  but  not  for  the 
uncross-linked reference. Gels in the present study exhibited a similar behaviour at 40 °C,  
at which the overshoot factor of all samples with IC ≤ 0.5 mg·g-1 was higher than that of 
the  reference.  At  all  acidification  conditions,  mixtures  with  the  same  IC  revealed  a 
tendency to lower overshoot factors when longer incubated Cn-PB was used, although 
some discrepancies  were  noticeable  especially  at  lower  ICs.  Consistent  with  previous 
6 see https://doi.org/10.1016/j.idairyj.2016.10.015
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Figure 4.25: Typical strain sweep experiment conducted subsequently to gelation measurements. Casein 
in 0.1 mol·L-1 phosphate buffer was incubated with 3 U microbial transglutaminase for 3 h at 40 °C and 
acidified with 40 mg·g-1 glucono-δ-lactone at 30 °C. The key parameters that were taken for comparison 
of the samples (G'0 and G'OS) are indicated.
Reproduced from Raak et al. (2017) International Dairy Journal 66, pp. 49–55.
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research (Rohm et al., 2014), lower overshoot factors were also accompanied by slightly  
lower fracture strains.
According to Gisler et al. (1999), a particle gel network exhibits a curved backbone, and an 
increasing  rigidity  with  increasing  strain  amplitude  is  the  result  of  stretching  out  this 
backbone until it breaks. Ercili-Cura et al. (2013) described this as the intrinsic strength of 
the particles which form the backbone of the gels. For the samples of the present study 
this behaviour could mean that the backbones are less curved in gels containing larger 
polymers, or a lower flexibility of larger polymers simply results in fracture at lower strain 
amplitudes. At least for mixtures with a similar gelation behaviour and similar  G'max in 
small amplitude oscillatory shear (see Figure 4.24), a similar network formation might be 
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Figure 4.26: Overshoot factor of acid-induced gels prepared from casein in 0.1 mol·L-1 phosphate buffer 
as a function of the isopeptide content. Samples were obtained by blending the uncross-linked reference 
(0 h) with casein solutions that were treated with 3 U microbial transglutaminase per g protein at 40 °C 
for 1 (white squares), 3 (white circles), 4 (grey circles), 5 (black circles) and 8 h (black squares). The last 
point in each curve represents the pure cross-linked casein. Gelation temperature (T) and concentration 
of glucono-δ-lactone (GDL) were varied as indicated. Casein cross-linked for 2 and 7 h and mixtures 
thereof were left out for clearness of the graphs.
Reproduced from Raak et al. (2017) International Dairy Journal 66, pp. 49–55.
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expected.  Therefore,  a lower overshoot factor would rather be a consequence of  less 
flexibility of larger polymers. Gels from the reference and 1 and 2 h incubated Cn-PB, 
however,  possibly  had a  more curved backbone and thus  a  higher  intrinsic  strength,  
which would be exposed only at higher strain amplitudes. This would result in lower G'max 
in small amplitude oscillatory shear, but in a high overshoot factor in large deformation 
measurements.
4.4.4 Isopeptide bonds in excessively cross-linked caseinates
In a different approach, the contribution of isopeptide bonds to gel stiffness was verified 
by incubating NaCn and Cn-PB for up to 14 days. For this, the incubation temperature was 
decreased to 30 °C since this enhanced the storage stability of mTGase while casein cross-
linking remained unaffected (see Section 4.3).  G'max of NaCn increased continuously with 
increasing incubation time (Figure 4.27),  indicating an ongoing formation of isopeptide 
bonds. Typically for gels from Cn-PB (Jaros et al., 2010, 2014a, b; Rohm et al., 2014), G'max 
showed a maximum after 3 h of incubation. Cross-linking for 24 h resulted in a drop of 
G'max, which, however, increased again from ~ 180 to ~ 230 Pa during further incubation. In 
Section 4.1.2, the decrease of G'max after incubation for 24 h was attributed to a reduced 
flexibility of casein particles towards conformational changes. However, the incorporation 
of additional isopeptide bonds to such casein particles clearly resulted in an increase of 
G'max of  their  acid  gels.  The  results  therefore  demonstrate  that  there  is  a  direct 
contribution of isopeptide bonds to the stiffness of acid caseinate gels. G'max of both NaCn 
and Cn-PB reached a plateau after ~ 8 days of incubation, which suggests that no further 
isopeptide bonds could be formed because of substrate limitation.
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Figure 4.27: Maximum stiffness G'max of acid-induced gels (30 °C) from sodium caseinate (white, 35 mg·g-1 
glucono-δ-lactone) and casein in 0.1 mol·L-1 phosphate buffer (grey, 40 mg·g-1 glucono-δ-lactone) cross-
linked with 3 U microbial transglutaminase per g protein at 30 °C. Acidulant concentrations were 
adjusted to result in similar acidification profiles of the samples.
102 4 Results and discussion
4.5 Gel structure weakening below the isoelectric point
Using GDL for gelation experiments usually results in a pH decrease below the pI of the 
proteins.  This  leads  to  reduced  protein-protein  interactions  within  the  gel  network 
because  of  increased  electrostatic  repulsion  and  is  commonly  referred  to  as 
overacidification (Dickinson & Matia Merino,  2002).  When this  process is monitored in 
time-based small amplitude oscillatory shear rheology,  G' and G'' show maxima at a pH 
close the pI of the proteins, which are followed by a decrease of the moduli with further 
decreasing pH (Horne,  2003;  Moschakis et  al.,  2010).  It  was previously  suggested that 
casein  cross-linking  by  mTGase  reduces  structure  weakening  of  acid  gels  during 
overacidification,  however,  the  gelation  measurements  were  stopped  before  gel 
formation reached a steady state so that this hypothesis was not completely ascertained 
(Rohm et al., 2014).
Gelation measurements in this study were stopped when  G' decreased less than 0.5 % 
within 5 min to obtain curves with a clear plateau at the end of the gelation and therefore 
to  enable  the  comparison of  the  samples  with regard to  structure weakening  during 
overacidification.  Cn-PB samples from the experiments  discussed in  Section  4.4 were 
used: the uncross-linked reference (0 h), the sample that showed the highest G'max (5 h) as 
well as a 24 h incubated sample.
Figure 4.28a illustrates the pH development in Cn-PB after adding different amounts of 
GDL at 30 °C. The equilibrium pH (pHEq) decreased from ~ 3.6 to ~ 2.7 when increasing the 
amount of GDL from 30 to 120 mg·g-1, but was not affected by gelation temperature (data 
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Figure 4.28: (a) pH development of casein in 0.1 mol·L-1 phosphate buffer during acidification with 
30 – 120 mg·g-1 glucono-δ-lactone (numbers) at 30 °C. (b) Storage modulus G' as a function of pH during 
gelation (40 mg·g-1 glucono-δ-lactone, 30 °C) of casein in 0.1 mol·L-1 phosphate buffer treated with 
3 U microbial transglutaminase per g protein for 24 h at 40 °C. The key parameters that were taken for 
comparison of the samples (G'max, G'final and pH at G'final) are indicated.
Reproduced from Raak et al. (2017) Food Biophysics 12, pp. 261–268, with permission from Springer Nature.
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not shown). Therefore, the pI of caseins (see Table 1.1) was sufficiently declined to enable 
studies on gel structure weakening during overacidification.
Figure 4.28b shows the gelation curve of 24 h cross-linked Cn-PB acidified with 40 mg·g-1 
GDL at 30 °C. Three key parameters were extracted from all curves and used for further 
characterisation:  the  maximum  gel  stiffness  G'max,  the  final  gel  stiffness  G'final and  the 
corresponding pH at  G'final. The ratio of G'final to G'max served as the parameter to quantify 
structure  weakening  induced  by  overacidification.  G' is  related  to  the  number  and 
strength of bonds within the gel network (Lucey et al., 1997), hence G'final/G'max represents 
the  fraction  of  bonds  which  remain  and  1 – G'final/G'max corresponds  to  the  fraction  of 
bonds that are permanently disrupted during overacidification.
4.5.1 Effect of casein cross-linking on gel structure weakening
As indicated by lower G'final/G'max ratios of the gels (Figure 4.29), structure weakening was 
more pronounced at higher GDL concentrations, certainly because of the lower pHEq and 
the associated higher electrostatic  repulsion between casein molecules  which impede 
protein-protein  interactions  (Dickinson  &  Matia  Merino,  2002).  In  addition,  structure 
0.00
0.25
0.50
0.75
1.00
G
'
/G
'
(-)
fi
na
l
m
ax
20 °C
2.0
2.5
3.0
3.5
4.0
pH
at
G
'
(-)
,p
H
(-)
fi
na
l
Eq
0 30 60 90 120 0 30 60 90 120
Amount of Glucono- -Lactone (mg·g )δ -1
0 30 60 90 120
30 °C 40 °C
Figure 4.29: Ratio of final gel stiffness to maximum gel stiffness G'final/G'max (top) and pH at G'final as 
affected by glucono-δ-lactone (GDL) concentration and gelation temperature. Casein in 0.1 mol·L-1 
phosphate buffer was cross-linked with 3 U microbial transglutaminase per g protein at 40 °C for 0 
(white), 5 (grey) and 24 h (black) prior to acidification. Equilibrium pH (pHEq) at the particular GDL 
concentrations is given for comparison (dotted line).
Reproduced from Raak et al. (2017) Food Biophysics 12, pp. 261–268, with permission from Springer Nature.
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weakening  was more pronounced for samples with higher cross-linking intensity and the 
reference (0 h) showed a distinct dependence on gelation temperature: some structure 
weakening was visible at 20 and 30 °C, however, at 40 °C  G' did not reach a maximum 
during gelation. Gels from the sample incubated with mTGase for 24 h were also more 
weakened with decreasing gelation temperature, whereas this could not be observed for 
the  5 h  incubated  sample.  Upon  acidification  of  the  24 h  incubated  sample  with 
120 mg·g-1 GDL at 20 °C,  G' decreased below 1 Pa at pH ~ 2.8, however, the sample still 
exhibited  a  tan δ of  ~ 0.2  which  indicated  gel  characteristics.  Weaker  hydrophobic 
interactions  at  lower  temperature  appear  to  be  a  key  factor  to  structure  weakening 
because of providing less resistance to electrostatic repulsion. However, this was not valid 
for the 5 h sample, indicating that moderate cross-linking may facilitate other interactions 
such  as  hydrogen  bonds  as  a  consequence  of  conformational  changes.  pH  at  G'final 
decreased as well with increasing cross-linking intensity (see Figure 4.29). In case of the 
24 h  sample,  pH  at  G'final was  almost  as  low  as  pHEq at  the  corresponding  GDL 
concentration.  Temperature dependence of pH at  G'final was generally less pronounced 
than that of  G'final/G'max,  however, because no local maximum was found in the gelation 
curves of the 0 h sample at 40 °C, the respective pH is not available. Likewise, the peak in 
tan δ (see  Figure  4.4),  which  was  observed  in  all  samples  that  exhibited  structure 
weakening during  overacidification,  was shifted from pH ~ 4.1  to ~ 3.7  with increasing 
Figure 4.30: Electropherogram of casein samples. Serum was obtained by centrifugation of gels: casein 
in 0.1 mol·L-1 phosphate buffer was cross-linked with 3 U microbial transglutaminase (mTGase) per 
g protein at 40 °C for 0, 5 and 24 h and acidified with 30 or 60 mg·g-1 glucono-δ-lactone (GDL) at 30 °C. 
β-casein rich fraction was isolated from reconstituted skim milk.
Reproduced from Raak et al. (2017) Food Biophysics 12, pp. 261–268, with permission from Springer Nature.
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cross-linking  intensity,  but  this  pH  was  not  affected  by  gelation  temperature  or  GDL 
concentration (data not shown), indicating a sample specific behaviour.
Braga  et  al.  (2006)  observed  dissociation  of  κ-casein  from  uncross-linked  sodium 
caseinate gels after acidification below its pI (~ 5.6 – 5.8; Holland et al., 2004). From that it 
might be assumed that the pronounced structure weakening in overacidified gels from 
cross-linked caseins is caused by the dissociation of high molar mass casein polymers 
with  larger  polymers  requiring  a  lower  pH to  get  released  into  the  serum.  However, 
almost no soluble casein was found in the serum of gels formed from cross-linked caseins 
by  SDS-PAGE  (Figure  4.30).  In  contrast,  κ-casein  became  partly  solubilised  when  the 
uncross-linked reference was acidified with 30 mg·g-1 GDL (pHEq ~ 3.6), and αS-casein was 
additionally found after acidification with 60 mg·g-1 GDL (pHEq ~ 3.1). As, however, some 
authors noted that highly polymerised caseins cannot be detected by SDS-PAGE because 
it might be too large to enter the pores of the electrophoresis gels (Moon et al., 2009;  
Sharma et al., 2001; Smiddy et al., 2006), the serum was also analysed by SEC. As can be 
seen from the chromatograms of the cross-linked casein samples, high molar mass casein 
polymers  were  detected  by  this  method,  and  analysis  of  the  serum  confirmed  that 
monomeric caseins was more prone to be released from the gel  network than cross-
linked  caseins  (Figure  4.31).  Consistent  with  SDS-PAGE,  some  dimers  (elution  at 
~ 8.5 – 11 mL) and degradation products (~ 13 – 15 mL) were also found in the phases of 
the reference gels.
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Reproduced from Raak et al. (2017) Food Biophysics 12, pp. 261–268, with permission from Springer Nature.
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These  results  indicate  that  the  structure  weakening  observed  in  the  rheological 
experiments in not connected to the release of casein molecules from the gel network to 
the  serum.  The  dissociation  of  charged  casein  molecules  may  rather  decrease  the 
electrostatic repulsions in the network and enhance protein-protein interactions between 
the remaining molecules.  Consequently, cross-linking of casein molecules would retain 
electrostatic  repulsion  within  the  gel  network  and counteract  non-covalent  attraction, 
leading to reduced protein-protein interactions as indicated by lower G'. It was reported 
that covalent cross-links impede rearrangements of casein molecules (Ercili-Cura et al., 
2013; Jaros et al., 2006b), suggesting that gels from mTGase-treated samples require more 
time to reach an equilibrium state, resulting in the shift of G'final to lower pH. However, the 
peak  in  the  tan δ profiles  (see  Figure  4.4),  which  implies  a  temporary  increase  in 
rearrangements  during  overacidification,  was  only  observed  for  gels  that  exhibited 
structure weakening and was therefore more specific for cross-linked caseins.
4.5.2 Effect of uncross-linked β-casein on gel structure weakening
β-casein  was  not  found  in  the  serum  phase  of  the  reference  gels  (see  Figure  4.30) 
although its pI (~ 4.8 – 5.0) is even higher than that of αS1-casein (~ 4.4 – 4.8; Trieu-Cuot & 
Gripon, 1981). This leads to the assumption that uncross-linked β-casein contributes the 
most to gel structure because of its higher hydrophobicity. Gelation experiments were 
therefore  also  performed  with  casein  samples  with  different  β-casein  content.  The 
β-casein rich acid casein had a purity of ~ 80 % with only minor impurities (see  Figure
4.30),  probably  -caseins (products of enzymatic  β-casein degradation; Huppertz et al., 
2006; McCarthy et al., 2013). Addition of higher amounts of uncross-linked β-casein rich 
solution to cross-linked β-casein poor solution resulted in considerably higher  G'final/G'max 
ratios of the gels at  ≥ 60 mg·g-1 GDL, whereas this was not observed at 40 mg·g-1 GDL 
(Figure  4.32).  Samples  comprised  of  only  uncross-linked  caseins  differed  only  after 
gelation at 30 °C but not after gelation at 20 °C, meaning that the β-casein concentration 
was  less  important  in  this  case.  Independent  of  the  β-casein  concentration,  no  local 
maximum of G' appeared during gelation at 40 °C. pH at G'final was hardly affected by the 
β-casein content, although slightly higher values at higher  β-casein concentration might 
be identified. This was probably related to a shift towards the pI of β-casein.
Marchesseau et al. (2002) determined a higher apparent hydrophobicity for β-casein than 
for κ-casein and αS-casein between 10 and 25 °C. Although these findings were based on 
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the adsorption of molecules to a hydrophobic surface without reflecting charge effects, 
this  indicates  that β-casein  has  a  high  potential  to  remain  within  a  hydrophobic  gel 
network. This is supported by results of McCarthy et al. (2013) who showed that β-casein 
is not completely soluble below its pI.  Other authors observed that  β-casein exhibited 
amphiphilic properties even at pH 2.6 (Portnaya et al., 2008), which lead to temperature 
independent association below the pI (Moitzi et al., 2008). These properties might prevent 
gel structure weakening during overacidification as indicated by increased G'final/G'max ratios 
at  higher  β-casein contents.  The conformation of  associated  β-casein differs  between 
neutral  and  acidic  pH  (Moitzi  et  al.,  2008),  and  such  conformational  changes  during 
acidification might be crucial for gel structure. Cross-linking of β-casein, however, limits its 
reorganisation since molecules are fixed in a particular conformation. As a consequence, 
gels  showed  always  a  more  pronounced  structure  weakening  with  increased  casein 
cross-linking (see  Figures  4.29 and  4.32);  the same tendency was also observed when 
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Figure 4.32: Ratio of final gel stiffness to maximum gel stiffness G'final/G'max (top) and pH at G'final as 
affected by glucono-δ-lactone (GDL) concentration and gelation temperature. Samples were prepared by 
blending cross-linked (squares) or uncross-linked (circles) β-casein poor casein in 0.1 mol·L-1 phosphate 
buffer with uncross-linked β-casein rich casein in 0.1 mol·L-1 phosphate buffer in ratios of 70:30 (white), 
80:20 (light grey), 90:10 (dark grey) and 100:0 (black). 70 % of cross-linked β-casein poor casein in 
0.1 mol·L-1 phosphate buffer (3 U microbial transglutaminase per g protein, 40 °C, 24 h) was used in the 
respective mixtures and complemented with uncross-linked β-casein poor casein in 0.1 mol·L-1 
phosphate buffer. Equilibrium pH (pHEq) at the particular GDL concentrations is given for 
comparison (dotted line).
Reproduced from Raak et al. (2017) Food Biophysics 12, pp. 261–268, with permission from Springer Nature.
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pure  β-casein  rich  Cn-PB  was  cross-linked  and  used  for  the  same  kind  of  gelation 
experiments (data not shown).
4.5.3 Comparison of the sample sets
Comparing the two sets of experiments demonstrates that the results of the uncross-
linked casein samples are in a similar range, whereas gels from cross-linked caseins of the 
second sample set (see Figure 4.32) behaved like intermediates between the two cross-
linked samples of the first set (see Figure 4.29). Since the  β-casein poor sample was as 
well  cross-linked  for  24 h  prior  to  blending  with  the  uncross-linked  samples,  these 
findings  underline  that  adding  uncross-linked  caseins  in  general  and  uncross-linked 
β-casein  in  particular  reduced  the  gel  structure  weakening  during  overacidification. 
Incubation with mTGase for 24 h (at the given conditions) usually results in a PD of ~ 98 % 
(see Figure 4.1) and in an excessive internal cross-linking of casein particles (see Section 
4.1).  The addition of  30 % uncross-linked caseins (see  Table 3.3)  decreases the PD to 
~ 70 %,  which  is  considerably  lower  than  the  87 %  that  were  determined  for  Cn-PB 
cross-linked for  5 h (see  Section  4.4).  However,  gels  from 5 h incubated samples (see 
Figure 4.29) exhibited higher  G'final/G'max ratios than gels from 24 h cross-linked samples 
with added uncross-linked caseins (see Figure 4.32). This indicates that not only the PD, 
but especially the extent of cross-linking within casein particles during further incubation 
suppresses  the  reorganisation  of  casein  molecules,  resulting  in  more  pronounced 
structure weakening during overacidification.
4.6 pH-dependent casein degradation by indigenous plasmin
The ionic milieu had a pronounced impact on the size of the casein polymers formed by 
mTGase, but affected also the gelation properties as well (see Section 4.1). On the other 
hand, incubation temperature had no effect on the polymer size (see Section 4.3). As was 
reported by HadjSadok et al.  (2008),  the pH affects the association of caseins as well, 
which is plausible since caseins are able to form acid-induced gels and precipitate at the 
pI.  Therefore,  it  was considered to cross-link  caseins  at  different  pH to  obtain casein 
polymers with different maximum sizes. Cn-PB was used instead of NaCn because it was 
difficult  to  dissolve  acid  casein  powder  at  pH < 6.0  only  by  neutralising  with  NaOH. 
Furthermore,  the pH of  Cn-PB could be readjusted to 6.6 subsequent  to cross-linking 
using H3PO4 or Na3PO4, thereby obtaining the same ionic milieu for all samples and thus 
the same conditions for acid-induced gelation.
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However, individually prepared Cn-PB with pH 5.9, 6.6 and 7.3 showed slightly different 
patterns in SEC even prior to cross-linking (Figure 4.33a), which was more pronounced 
after storing the solutions for 24 h at 40 °C without mTGase addition (Figure 4.33b).  A 
decreasing  intensity  at  ~ 11 – 13  mL  was  associated  with  an  increasing  intensity  at 
> 13 mL and pointed to casein degradation, which was facilitated at higher pH. The trend 
suggested proteolysis by plasmin (optimum pH ~ 7.5; Bastian & Brown, 1996), an enzyme 
indigenous to milk which can possibly be found also in acid casein and caseinates (Gazi et 
al.,  2014).  This  assumption  is  supported  by  the  treatment  of  Cn-PB  with  commercial 
plasmin, which resulted in similar fractions eluting from SEC (Figure 4.33c). It is also worth 
noting  that  the  peak  at  ~ 12 mL did not  decrease  uniformly:  β-casein  and αS-caseins, 
which eluted at ~ 11 – 11.5 and ~ 11.5 – 12 mL, respectively (see Figure 4.2), disappeared 
at first. This is in agreement with the preference of plasmin for β-casein and αS-caseins 
and  its  low  activity  on  κ-casein  (Ismail  &  Nielsen,  2010;  Kelly  &  McSweeney,  2003). 
Spectrophotometric analysis using S-2251 as artificial substrate for plasmin revealed a 
proteolytic activity of dA405·dt-1 = 4.41·10-4 AU·min-1 in Cn-PB, which was lower compared to 
that in milk samples (~ 10 –  20·10-4 AU·min-1; Rollema et al., 1983) because the majority of 
plasmin  remains  in  the  milk  serum  after  isoelectric  precipitation  of  casein  (Kelly  & 
McSweeney, 2003).
Bhatt  et  al.  (2014)  treated  purified  β-casein  with  commercial  plasmin  and  visually 
observed a rapid increase in turbidity during incubation at 37 °C, which decreased again 
after ~ 2 h of incubation. They concluded that hydrophobic γ-caseins were formed in the 
first stage of hydrolysis, which were degraded further to smaller peptides. In the present 
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study, no changes in turbidity were noticed during incubation of Cn-PB with indigenous 
plasmin for up to 24 h at 40 °C (data not shown), indicating rather low hydrolysis.
The differences in the extents of proteolysis that occurred during the preparation of the 
reference samples appeared small in SEC, but resulted in measurable differences in G'max 
of  acid-induced gels:  higher  proteolysis  resulted  in  lower  G'max,  which  was  even more 
pronounced after storing the samples for up 24 h at 40 °C (Figure 4.34). These results are 
in  agreement  with  other  studies  in  which  NaCn was  hydrolysed  intentionally  using  a 
bacterial protease (Hidalgo et al., 2012, 2015) or unintentionally because of the residual 
proteolytic activity of a laccase preparation (Ercili Cura et al., 2009). Furthermore, tan δ of 
the gels was slightly higher for more hydrolysed samples, indicating smaller sizes of the 
casein particles that were the building blocks of the acid-induced gels (Belyakova et al.,  
2003; Section 4.1.2).
The preliminary experiments showed that a variation of the sample pH was associated 
with a change of the inherent proteolytic activity of casein samples, resulting in different 
conditions of the reference samples. Therefore, it seemed worth to first characterise the 
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effect of casein degradation by indigenous plasmin at different pH on the cross-linking by 
mTGase.
4.6.1 Activity and stability of microbial transglutaminase as a function of pH
Figure 4.35a depicts the activity of mTGase at the three particular pH of the Cn-PB used in 
this study. There was barely an effect on mTGase activity in this pH range (~ 77 U·g-1), 
which  is  in  agreement  with  Ando  et  al.  (1989)  who  reported  an  optimal  activity  at  
pH ~ 6 – 7 for mTGase from Streptoverticillium S-8112. On the other hand, other authors 
determined slightly higher activities at pH 6 (Zhang et al., 2012) or pH 7 (Jin et al., 2016). 
However, this is likely because mTGases from different strains were used in these studies.
The thermal stability of mTGase at  40 °C was slightly higher at pH 7.3 and followed a 
distinct trend to lower residual activity with decreasing pH after storage for 24 h (Figure
4.35b).  mTGase  activity  was  determined  after  much  shorter  storage  periods  in  many 
studies (Ando et al., 1989; Jin et al., 2016; Zhang et al., 2012), however, Eissa et al. (2004) 
monitored the enzyme activity as a function of pH over 6 h of storage at 50 °C. In contrast 
to this study, they reported a lower stability with pH increasing from 5 to 7. Nevertheless, 
there is a consensus in literature that considers mTGase as stable in the range pH 5 – 8 
(Ando et al., 1989; Eissa et al., 2004; Jin et al., 2016). Therefore, the differences in mTGase 
stability  were not  taken into  account  for  cross-linking  of  Cn-PB and all  samples were 
prepared using 77 U·g-1 for calculation of the enzyme dosages.
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Figure 4.35: (a) Activity of microbial transglutaminase (mTGase) at 40 °C as a function of pH, and 
(b) storage stability of mTGase at 40 °C and pH 5.9 (black), 6.6 (grey) or 7.3 (white) expressed as residual 
activity in relation to initial activity at the respective pH.
 Reproduced from Raak et al. (2019) Food Biophysics, doi:10.1007/s11483-019-09601-2,
with permission from Springer Nature.
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4.6.2 Cross-linking of casein degradation products
The samples that were stored at 40 °C for 24 h (see Figure 4.33b) were further incubated 
with  mTGase.  Almost  all  degradation  products  (> 13 mL)  disappeared,  except  for  one 
fraction that showed a peak with constant intensity at ~ 17 mL (Figure 4.36a). So far, no 
studies on the cross-linking of degradation products from plasmin-related proteolysis of 
caseins are available, however, Damodaran & Li (2017) cross-linked casein hydrolysates 
obtained  from  treatments  of  NaCn  with  chymotrypsin,  trypsin  or  thermolysin  using 
mTGase and analysed the polymerised casein fragments using SDS-PAGE. They reported 
that the hydrolysates could be cross-linked to high molar mass molecules that were not 
able to enter the electrophoresis gel, but also that the overall molecule size distribution 
was much broader compared to polymers from unhydrolysed NaCn. This is in line with 
the  current  results  from  SEC  showing  a  lower  intensity  of  the  main  polymer  peak 
(~ 7.5 mL) and higher intensities for fractions eluting between ~ 8 and ~ 12 mL when more 
hydrolysed Cn-PB was cross-linked (i.e., samples with higher pH). Damodaran & Li (2017) 
suggested  that  the  broader  size  distributions  are  the  result  of  glutamine  and  lysine 
residues being not uniformly distributed among the different peptides that resulted from 
hydrolyses of caseins. Therefore, peptides with lower amounts of these amino acids are 
less likely incorporated into larger polymers, and peptides that contain no glutamine or 
lysine are not cross-linked at all, such as the fraction eluting at ~ 17 mL.
Samples incubated with mTGase for up to 3 h showed similar  ICs at  all  pH, however, 
Cn-PB with pH 5.9 had a lower IC after 24 h of cross-linking (Figure 4.36b). This could be 
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 Reproduced from Raak et al. (2019) Food Biophysics, doi:10.1007/s11483-019-09601-2,
with permission from Springer Nature.
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related to the lower storage stability of mTGase at this pH (see  Figure 4.35b) or to the 
lower  extent  of  proteolysis  of  the  initial  sample (see  Figure 4.33b)  because  of  which 
glutamine and lysine residues might have had a lower accessibility for mTGase compared 
to more hydrolysed Cn-PB (i.e., samples with higher pH).
Cross-linking increased  G'max of acid gels, however, values were lower after 1 and 3 h of 
incubation with mTGase when preceding proteolysis was more extensive, i.e., for samples 
with higher pH during preparation (Figure 4.37).  In contrast, gels from 24 h incubated 
Cn-PB showed only slight differences. The maximum in G'max after 3 h of cross-linking was 
less  pronounced  after  treatment  at  pH 6.6  and  barely  noticeable  after  treatment  at 
pH 7.3. However, no samples with incubation times between 3 and 24 h were prepared so 
it might be possible that this characteristic maximum was shifted to higher cross-linking 
times with increasing extent of proteolysis of the basis sample. tan δ of the gels increased 
with increasing preparation pH for all  cross-linking times,  suggesting a higher particle 
mobility because of smaller particle sizes. In contrast to previous results (see  Sections 
4.1.2 and 4.3.1), no clear minimum in tan δ over incubation time was observed; samples 
cross-linked  for  3  and  24 h  were  similar  at  each  preparation  pH.  SEC  showed  that 
molecule sizes increased further after cross-linking for 3 h (data not shown), indicating 
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Figure 4.37: Maximum stiffness G'max (top) and loss factor tan δ at G'max (bottom) of acid-induced gels 
(40 mg·g-1 glucono-δ-lactone, 30 °C) from casein in 0.1 mol·L-1 phosphate buffer after storage for 24 h at 
40 °C and subsequent incubation with 3 U microbial transglutaminase per g protein at 40 °C as a 
function of incubation time. pH during incubation was 5.9 (black), 6.6 (grey) and 7.3 (white) and was 
adjusted to 6.6 prior to the gelation experiments.
 Reproduced from Raak et al. (2019) Food Biophysics, doi:10.1007/s11483-019-09601-2,
with permission from Springer Nature.
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that the maximum molecule size and hence the minimum tan δ was reached between 
3 and 24 h of incubation.
4.6.3 Simultaneous action of microbial transglutaminase and plasmin
Cross-linking of Cn-PB directly after preparation resulted in higher G'max and lower tan δ of 
acid gels compared to the samples that were first hydrolysed by indigenous plasmin, and 
clear maxima in G'max and minima in tan δ were observed at 3 h incubation time (Figure
4.38). Lower pH at sample preparation resulted in slightly higher G'max and lower tan δ of 
gels  from  Cn-PB  cross-linked  for  up  to  3 h,  whereas  no  clear  tendency  for  G'max was 
observed after mTGase treatment for 24 h. This is in agreement with samples that were 
first hydrolysed (see  Figure 4.37),  indicating that the differences were also a result  of 
different extents of proteolysis after the sample preparation.
Figure 4.39a shows SEC analysis of Cn-PB that was cross-linked for 24 h directly after 
sample preparation. The size of casein polymers as indicated by elution volume and peak 
hight of  the fraction at  ~ 6 – 9 mL decreased with increasing sample pH. Interestingly, 
polymer peaks of samples with pH 5.9 and 6.6 were similar to those obtained by cross-
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Figure 4.38: Maximum stiffness G'max (top) and loss factor tan δ at G'max (bottom) of acid-induced gels 
(40 mg·g-1 glucono-δ-lactone, 30 °C) from casein in 0.1 mol·L-1 phosphate buffer after incubation with 
3 U microbial transglutaminase per g protein at 40 °C as a function of incubation time. pH during 
incubation was 5.9 (black), 6.6 (grey) and 7.3 (white) and was adjusted to 6.6 prior to the gelation 
experiments.
 Reproduced from Raak et al. (2019) Food Biophysics, doi:10.1007/s11483-019-09601-2,
with permission from Springer Nature.
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linking after hydrolyses by indigenous plasmin (see Figure 4.36a), whereas slightly larger 
polymers were formed at pH 7.3 when Cn-PB was immediately cross-linked. The ICs were 
similar after cross-linking for up to 3 h independent of the sample pH and of preceding 
casein degradation by  indigenous  plasmin,  whereas lower  values were obtained after 
direct  mTGase  treatment  for  24 h  (Figure  4.39b),  indicating  that  the  susceptibility  of 
caseins to mTGase was higher after moderate proteolysis. An increase of pH did not only 
increase  the  plasmin  activity,  but  also  hampers  the  association  of  casein  because  of 
increased electrostatic  repulsion between the molecules (HadjSadok et  al.,  2008).  This 
might be even more pronounced after hydrolysis of caseins, resulting in smaller molecule 
sizes  after  cross-linking  compared  to  unhydrolysed  caseins.  However,  the  results  of 
HadjSadok  et  al.  (2008)  also  showed  that  the  effect  of  pH on  molar  mass  of  casein 
particles  diminished  in  the  presence  of  ions.  Therefore,  additional  experiments  are 
necessary to completely elucidate the underlying mechanisms.
The chromatogram of Cn-PB cross-linked for 24 h at pH 7.3 showed also an additional 
fraction eluting at ~ 16 – 18 mL, which was not present in the uncross-linked reference 
(see  insert  to  Figure  4.39a).  This  fraction  was  not  observed in  the  chromatogram of 
samples incubated for ≤ 3 h (data not shown), indicating that it was formed after the first 
stage of  cross-linking.  The elution volume suggested that  these  degradation products 
were similar to those which could not be cross-linked by mTGase (see insert to  Figure
4.36a).  Plasmin acts  preferably  on Lys-X and,  to a  lesser  extent,  Arg-X peptide bonds 
(Bastian & Brown, 1996). Bhatt et al. (2014, 2017) reported that modifications of lysine 
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Figure 4.39: Analysis of casein in 0.1 mol·L-1 phosphate buffer at pH 5.9 (full lines; black symbols), 
6.6 (dashed lines; grey symbols) and 7.3 (dotted lines; white symbols) after incubation with 3 U microbial 
transglutaminase per g protein at 40 °C. (a) Size exclusion chromatography (SEC) of samples incubated 
for 24 h (Insert shows formation of degradation products; grey line: reference); (b) Isopeptide content as 
a function of incubation time.
 Reproduced from Raak et al. (2019) Food Biophysics, doi:10.1007/s11483-019-09601-2,
with permission from Springer Nature.
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residues through lactosylation and succinylation decreased the susceptibility of caseins to 
plasmin because of charge modification and steric hindrance. This likely applies also to 
casein  cross-linking  by  mTGase,  confirming that  this  fraction of  degradation products 
might not contain lysine residues.
An  increased  stability  of  cross-linked  Cn-PB  against  plasmin-related  proteolysis  was 
verified by treating samples incubated for 24 h with commercial  plasmin.  SEC showed 
only marginal differences in the polymer peaks, although a slight decrease in molecule 
size could be noticed at pH 7.3 (Figure 4.40). These results are in good agreement with 
O'Sullivan  et  al.  (2002),  who  showed  an  increased  stability  of  casein  micelles  against 
degradation by plasmin using urea-PAGE.
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Figure 4.40: Size exclusion chromatography of cross-linked casein in 0.1 mol·L-1 phosphate buffer 
(3 U microbial transglutaminase, 40 °C, 24 h) with different sample pH before (dotted lines) and after 
incubation with 10 U commercial plasmin per g protein for 1 h at 40 °C (full lines).
 Reproduced from Raak et al. (2019) Food Biophysics, doi:10.1007/s11483-019-09601-2,
with permission from Springer Nature.
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Enzymatic cross-linking has a huge potential  to modify techno-functional properties of 
food  proteins.  This  is  especially  true  for  caseins,  which  are  responsible  for  structure 
formation  in  fermented  dairy  products.  However,  many  studies  so  far  are  rather 
phenomenological ones and in-depth understanding on the underlying mechanisms is 
still lacking.
Using non-micellar  casein preparations (NaCn,  CaCn,  Cn-PB)  as  model  substrates,  this 
research  comprehensively  investigated  structure-function-interrelations  of  cross-linked 
caseinates and aimed at identifying the major influence factors that alter the relationship 
between casein cross-linking and stiffness of acid-induced gels. From the results of this 
thesis the following drivers for gel stiffness were deduced:
• Isopeptide bonds: mTGase catalyses the formation of Glu-Lys isopeptide bonds 
between  or  within  casein  molecules  that  are  located  within  distinct  casein 
nanoparticles.  It  was  suggested  that  the  cross-links  increased  the  stiffness  of 
casein particles and thus the stiffness of the gels which are formed by aggregation 
of these particles. Therefore, the maximum stiffness of NaCn gels increased with 
ongoing cross-linking.
• Ionic milieu: At higher ionic strength or in the presence of multivalent ions such 
as Ca2+,  the maximum gel  stiffness did not continuously increase with ongoing 
cross-linking.  Instead,  the  highest  value  was  found  after  moderate  incubation 
times, which was observed for introduction of ions either prior to and after cross-
linking. This suggested that ions disturbed the gelation process, which was more 
pronounced for excessively cross-linked casein particles. From these results it can 
also be concluded that the relationship between enzymatic cross-linking of casein 
micelles and the stiffness of acid-induced skim milk gels, which also shows a peak 
at moderate incubation times (see Jaros et al., 2010), results from both the milk 
salts in the serum and the colloidal calcium phosphate in the casein micelles.
• Extent  of  internal  cross-linking  of  casein  particles: The  change  of  the 
relationship between casein cross-linking and gel stiffness, caused by the presence 
of  ions,  was  attributed to  the  screening  of  attractive  electrostatic  interactions. 
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Excessive internal cross-linking of casein particles decreased their flexibility and 
thus the capability  of  conformational  changes that  would allow for other non-
covalent attractions such as hydrophobic interactions.
• Electrostatic repulsion: The maximum gel  stiffness  of  individual  samples was 
observed at a pH near to the isoelectric point of casein, and further pH reduction 
caused a decrease in gel stiffness until a plateau value was reached. In relation to 
the maximum gel stiffness, this plateau was lower for cross-linked Cn-PB. It was 
concluded  that  cross-linking  impaired  the  release  of  highly  charged  casein 
molecules to the serum and thus retained the electrostatic repulsion forces within 
the gel network, which, in turn, counteracted protein-protein interactions.
• Casein degradation: Partial hydrolysis of caseins by proteases such as indigenous 
plasmin  decreased  the  stiffness  of  acid-induced  gels,  which  could  not  be 
completely compensated by enzymatic cross-linking of the degradation products. 
Even at a similar isopeptide content, the gel stiffness was lower when preceding 
proteolysis was more pronounced.
The effect of casein polymer size on the gel stiffness could not be completely elucidated. 
In the context of acid-induced aggregation of casein particles, two different concepts of 
the  polymer  size  have to  be distinguished.  Firstly,  the  size  of  completely  cross-linked 
casein particles, which could be adjusted through controlling the association of caseins by 
changing the ionic milieu or by casein degradation prior to cross-linking. The results of 
this thesis indicated that larger particle sizes might be more favourable for the formation 
gel  networks  with  a  high  stiffness.  However,  this  has  to  be  verified  in  further 
investigations.  The  second  definition  considers  the  number  of  casein  monomers  per 
polymer, especially in the case of smaller polymers such as dimers or trimers, which were 
formed in the early stages of cross-linking and thus indicated incomplete cross-linking of  
casein  particles.  The  results  showed  that  polymers  larger  than  dimers  and  trimers 
resulted  in  higher  gel  stiffness  even  at  the  same  IC  of  the  sample,  suggesting  that 
incompletely cross-linked casein particles were less favourable for gel formation.
In contrast to the influence factors described above, the cross-linking temperature had 
no  direct  impact  on  the  stiffness  of  acid-induced  NaCn  gels,  which  was  most  likely 
because  the  self-association  of  NaCn  was  barely  affected  by  the  temperature  at  the 
concentrations that were studied (5 and 27 g·kg-1). This assumption offers potential for 
further research on the effect of the casein concentration on self-association and cross-
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linking of caseins. For instance, some studies reported that β-casein existed as individual 
molecules in aqueous solutions at low concentrations (1 – 5 g·L-1) and low temperatures 
(< 15 °C), and that mTGase treatment resulted in intramolecular cross-linking of β-casein 
monomers (Dauphas  et  al.,  2005;  O'Connell  et  al.,  2003;  O'Connell  & de Kruif,  2003). 
Considering the results of HadjSadok et al. (2008), this might also apply to NaCn if the 
right  sample  conditions  were  matched.  Furthermore,  mTGase  treatment  of  NaCn  at 
concentrations  above  close  packing  (> 100 g·L-1;  Farrer  &  Lips,  1999)  was  reported  to 
increase the sample viscosity because of cross-linking between individual casein particles 
(de  Kruif  et  al.,  2015a).  Both  ways  of  cross-linking  and  their  effects  on  the  techno-
functional properties of casein should be investigated in more detail in future studies to 
ascertain further applications of cross-linked caseins in food production as well as in the 
non-food sector.
As  concerns  internally  cross-linked  casein  particles,  which  were  the  substrate  of  the 
present research, Wang et al. (2008) showed for NaCn chemically cross-linked with genipin 
that  such  particles  can  serve  as  Pickering  stabilisers  in  O/W  emulsions.  However,  a 
comprehensive interfacial characterisation of the underlying mechanisms is still lacking.
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